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ABSTRACT

In greenhouse and growth chamber studies , thirteen species of bacteria (twelve Bacillus
species and one Pseudomonad) , and the entomopathogenic fungi , Beauvaria bassiana ,
were tested for their potential as biocontrol agents of Rhizactonia solani on tomato. The
bacteria were also tested for their ability to promote the growth of greenhouse-grown
tomato seedlings . With only a few exceptions , the bacterial isolates did not reduce
disease severity caused by R. solani , nor did they promote the growth of tomato
seedlings . In the initial study, several seed treatments reduced disease severity caused
by R. solani , however, only isolate E21 reduced disease in both trials. None of the
isolates increased the height or weight of seedlings. Bacterial soil drenches were also
ineffective in reducing disease severity . The disease ratings of plants receiving bacterial
soil drenches were not different from the infested control plants in either trial . In Trial
1, when compared to the untreated , infested and uninfested controls , several of the
bacterial soil drenches increased plant weight. In Trial 2, several isolates increased
plant weight when compared to the untreated , infested control , but not when compared
to the infested phosphate buffer saline control . In the second study , treatment with
isolates BA77 , BA 101 , or E726 had little overall effect on plant growth or disease .
However , there was a significant host effect. Pre-emergence damping-off of 'Mountain
Pride' seedlings was significantly less than seedlings of 'Celebrity ' or 'Mountain
Spring '. Plant stand counts of 'Mountain Pride ' were 27 and 73 % greater than
'Celebrity ', and 35 and 75 % greater than 'Mountain Spring ', in Trial 1 and 2,
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respectively ,. There were several interactive effects between BAlOl treatment and the
cultivar 'Mountain Spring ', but only in Trial 1. Stand counts of BA101 treated
'Mountain Spring ' seeds were 70 % greater than the untreated , infested control , and
were 87% of the uninfested control. In addition, BAlOl treatment significantly reduced
disease severity on surviving 'Mountain Spring' seedlings. The average canker rating
on BAl0l treated 'Mountain Spring ' seedlings was 2 .19, as compared to 3.44 on the
untreated , infested control. In the final study , bacterial treatments applied to neutralized
'Mountain Spring' and/or 'Mountain Pride ' seeds had little effect on subsequent plant
growth or disease severity in R. solani infested soil. The shoot and root weights were
little effected by the bacterial treatments in either experiment. The shoot weight of E69
treated plants was greater than the infested control, but only in Trial 1 of Experiment 1.
Though treatment with isolates E21 , BA 77 , and E69 increased plant stand in Trial 1 of
Experiment 1, they did not increase stand counts in Trial 2, and none of the bacterial
isolates increased stand counts in Experiment 2. Beauveria bassiana (BA V) treatment
increased shoot weights of seedlings in Trial 1 of Experiment 1, but not in Trial 2, and
did not effect root or shoot weights in Experiment II . However, treatment with BAV
reduced pre-emergence damping-off of tomato seedlings in both trials of both
experiments . In Experiment I, BAV treatment increased plant stands by 71 to 100 %
when compared to the infested controls . In Experiment II, when compared to the
untreated , infested control , BA V treatment increased plant stands by 129 and 350 % in
Trial 1 and 2, respectively . BAV treatment did not effect the canker rating of surviving
plants in trials of experiment II . Plant stands of 'Mountain Pride ' were significantly
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greater than stands of 'Mountain Spring' in Trial 1 (+49%) and Trial 2 (+33%) of
Experiment I. The differences were due almost entirely to differences in the infested
treatments. Stands of 'Mountain Pride ' in the untreated , infested control were 75 and
172% greater than comparable stands of 'Mountain Spring ' in Trial 1 and 2,
respectively . The effect of BA V treatment on plant stands of the untreated , infested
control was also significantly different for the two tomato cultivars . BA V treatment
increased plant stands of untreated, infested 'Mountain Pride ' seeds by 57 % in Trial 1
and 50 % in Trial 2. However, BAV treatment increased comparable stands of
'Mountain Spring ' by 187 and 236 %, in Trials 1 and 2, respectively.

vii

Table of Contents
PAGE

CHAPTER
1.

Literature review
Introduction .................. ..... ...... .. .... .. .... ...... .............. ..... ..... .... ... .. 1
The pathogen- Rhizoctonia solani ..... .... . .......... ...... .. .... .. .............. ... .. 2

Beauveria bassiana as a biocontrol agent .............. .. .. ........... ....... ........ 5
Characteristics of plant-growth-promoting rhizobacteria
and other biocontrol bacteria .... ....... .... ..... ... .... .... ..... ..... .. ............ .... 7
Induced systemic resistance ............... ....... ... .... ...... ........ .... ...... ...... 19
Plant growth promotion and indole-3-acetic acid production .. .. ..... .... ...... 26
Integrated control ..... .......... ...... ....... ... ...... .... .... .... .......... ... .. ....... 31
Formulation and shelf life .. ... .. ... .. .... .... ... ......... .. .. ....... ......... ... ..... . 34

2.

Assessing 13 Bacterial Isolates for Plant Growth Promoting Effects and Control
of Rhizoctonia solani on Tomato
Introduction ... ... .. ...... .. .... ..... .. ...... ... .................... ..... ... .............. 39
Materials and Methods ..... ... .. ........... ...... . .... ... .. .... ..... . ... .... .......... . 41
Results .. .. ........ ................. .... ......... ... .... .. ... .... ... .. .... ...... ........... . 47
Discussion ..... ... .. .... ....... ... .... ........... ........ ........... ... . ... .... ..... ...... 53

3·

Effect of Tomato Cultivar on Biocontrol Activity of Selected Bacterial
Isolates Against Rhizoctonia solani
Introduction ..... .. .. .. ........ ...... .... ......... . ....... .... .. ..... .. ... ... .. ...... .... . 59
Materials and Methods ....... .. ....... . .. ...... .. . .... ......... .. .... .. .... . .. ... ...... 65

Vlll

Results ... ....... ...... .. ............... .... ...... ..... ............. .... . ......... ........ .. 68
Discussion .... ... ...... .. ... .. ... .. ... .... .... .. . ...... ...... ...... .. .. . : .............. . .. 74

4.

Effect of Bacterial Seed Treatment and the Entomopathogenic Fungus

Beauveria bassiana , on Control of Pre-emergence and Post Emergence
Diseases Caused by Rhizoctonia solani in Tomato
Introduction .. ... .. .. .... ..... ........ .... ....... .. ... ......... ................ ...... ..... 80
Materials and Methods ... .. . ... ........ .. ....... .... ... .. .... ....... ... ...... .. ........ 83
Results ........... ..... ... .... . ...... ...... ... .............. ......... ....... ............. ... 87
Discussion ... ... .... .... ... ........ ............ ......... .. ..... ................. . .... ..... 97

LITERATURE CITED .. ..... ..... ... .... .... ...... ...... .. ..... ...... .. ... .. ... ... .... .............. .. 103
APPENDIX
Effect of Form of Inoculum of Rhizoctonia solani on
Disease Severity in Tomato ...... ... ..................................... ............ ... .... 122
VITA .... .... ...... ... ........ ... .......... ...................... ..... ....... ... ........... ... .............. .. 127

lX

LIST OF TABLES
PAGE
Table 2-1

Effect of bacterial seed treatment on tomato seedling growth
and disease rating caused by Rhizoctonia so Lani, Trial 1 ....... .. .... ... .... ... . 48

Table 2-2

Effect of bacterial seed treatment on tomato seedling growth
and disease rating caused by Rhizoctonia solani, Trial 2 ..... .. .... ........ .. ... 49

Table 2-3

Effect of bacterial soil drench on tomato seedling growth and
disease rating caused by Rhizoctonia solani, Trial 1 .... .. ... .. ......... ... .... .. 51

Table 2-4

Effect of bacterial soil drench on tomato seedling growth and
disease rating caused by Rhizoctonia solani, Trial 2 .. .. .. . ... ... ... ....... ...... 52

Table 3-1

Effect of soil treatment on plant growth, disease rating , and
plant stand, Trial 1 .. ... .. .......... ...... ...... . .. ........ .. . ............... .. .. ..... ... 69

Table 3-2

Effect of soil treatment on plant growth , and plant stand ,
Trial 2 ... .... .. ........ .... ............. .. .... ... .. ...... .. .. .... . ... ... ... ..... ......... .. 69

Table 3-3

Effect of tomato cultivar on plant growth , Rhizoctonia
disease rating, and plant stand , Trial 1.. .. .... .... .. .... .... .... .... .... ... .... .. .. . 71

Table 3-4

Effect of tomato cultivar on plant growth and plant stand,
Trial 2 . .. .. ... .... ... .... . .. ... .... ....... ..... .. .... . ... ... . ..... ... .. ...... .... ... .. ... .. 71

Table 3-5

Effect of drench treatment on plant growth and plant stand,
Trial 2 ...... .... ...... .... ... ... ....... .... . .......... ..... ..... ... ..... .......... ... .. .... 73

Table 3-6

Effect of soil treatment on shoot height of three tomato
cultivars , Trial 1..... .... .... ... ... . .. ........ ...... ... ............ ... . ..... ..... ..... ... 73

X

Table 3-7

Effect of soil treatment on Rhizoctonia disease rating of three
tomato cultivars , Trial 1 .... .... ........ .. ... ..... ........ ... .. .. .. ...... .. ... ... ...... 75

Table 3-8

Effect of soil treatment on stand counts of three tomato
cultivars , Trial 1. .. ... ... .... .... ... .... .. ... ...... .. .. ......... .............. .... .. ..... 76

Table 3-9

Effect of soil treatment on stand counts of three tomato
cultivars , Trial 2 .. ......... ... ....... . ........ .. ....... ........ ... ... ........ ... . ........ 76

Table 4-1

Effect of seed treatment on shoot weight and plant stand of
tomatoes in soil infested with Rhizoctonia solani , Experiment
I, Trial 1 ..... ... .. ..... ..... . ...... ... .. .. .... ............. ......... ........... ....... .... 88

Table 4-2

Effect of seed treatment on shoot weight and plant stand of
tomatoes in soil infested with Rhizoctonia solani, Experiment
I, Trial 2 ..... ... ....... . .. ..... .. .... ..... ...... ..... ... .................... .... .. .... .... 89

Table 4-3

Effect of tomato planted in soil infested with Rhizoctonia

solani on shoot weight and plant stand , Experiment I, Trial 1 ... .. .. ... ... .... 91
Table 4-4

Effect of tomato planted in soil infested with Rhizoctonia

solani on shoot weight and plant stand , Experiment I, Trial 2 ..... .. ... ....... 91
Table 4-5

Effect of the interaction of seed treatment and cultivar on
percent plant stand of tomato in soil infested with Rhizoctonia

solani, Experiment I, Trial 1 ..... ... . .......... ........ .. ... ..... ... .. ... .. .......... 92
Table 4-6

Effect of the interaction of seed treatment and cultivar on
percent plant stand of tomato in soil infested with Rhizoctonia

solani , Experiment I, Trial 2 ... ... .. ... ...... . .... .... ............. .... .... ....... ... 93

xi

Table 4-7

Effect of seed treatment on growth, disease rating , and plant
stand of tomato in soil infested with Rhizoctonia solani ,
Experiment II, Trial I .......... .. .. ... ....... .. ....... .. .............. .... . ... ......... 95

Table 4-8

Effect of seed treatment on growth, disease rating, and plant
stand of tomato in soil infested with Rhizoctonia solani ,
Experiment II , Trial 2 ....... .... .... ...... ..... .. ...... .. ...... ........... ..... .. . .. ... 96

Table 5-1

Effect of form of inoculum of Rhizoctonia solani on disease
incidence and severity of tomato ............................ .............. . ......... 125

CHAPTER!

Literature Review

INTRODUCTION

Some endophytic and plant-growth-promoting rhizobacteria (PGPR) can suppress a
selected spectrum of plant disease organisms. In addition , PGPR have been shown to
promote plant growth. In earlier research at the University of Tennessee, 13 bacterial
isolates were selected, which as seed treatments, suppressed disease caused by

Rhizoctonia solani Kuhn and promoted the growth of greenhouse tomato seedlings
(Smith, 1997). Eight of the thirteen isolates were endophytes extracted from tomato
roots and five isolates were taken from tobacco field soils. The isolates were identified
with standard biochemical assays , including: anaerobic/aerobic growth; catalase
production; utilization of mannitol , arabinose , xylose, and citrate; protein digestion;
chitin utilization; starch hydrolysis; hydrogen cyanide production; and salt tolerance.
Identification with the biochemical assays was followed by a carbon utilization test with
the Biolog Identification System. Eleven isolates were identified and designated as
follows , with BA representing isolates from tobacco field soils and (E) representing
endophytes taken from tomato roots: Bacillus pasteurii (BA19), B. azotoformans
(BA23) , B. cereus (BA 77) , B. megaterium (BAlOl) , Pseudomonas corrugata (BA106),

B. brevis (E21 ), B. megaterium (E65) , B. pasteurii (E66), B. coagulans (E69) , B.
brevis (E723),and B. subtilis var. globigii (E726). Two isolates could not be identified ,
but were thought to be Bacillus spp. and were designated as E61 and E727.
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THE PATHOGEN- RHIZOCTONIA SOLAN/

Effect of environmental conditions

RJdwctonia solani is a ubiquitous fungal organism found in most soils. It colonizes
plant roots and stems at the soil line, and has excellent saprophytic capabilities. It
survives as resting mycelium or sclerotia, and in plant debris. In seedlings , R. solani
causes pre-emergence and post-emergence damping-off, and in later stages of plant
development may cause stem cankers (Agrios , 1988). Both the growth and
pathogenicity of R. solani can be influenced by several environmental factors , including
temperature, soil moisture, and growth medium . However, optimum growth conditions
for R. solani often differ from conditions favoring pathogenicity. Also, because
conditions favoring pathogenicity of R. solani may differ from conditions favoring host
growth and development, disease severity may change when conditions favor either the
pathogen or the host. When Richards (1923) tested the effects of temperature on the
pathogenicity of R. solani with several hosts , he found that the optimum temperature
for tissue destruction (18°C) was considerably lower than the optimum for mycelia
growth in pure culture (25° to 27°C). In pure culture at higher temperatures R. solani
grew rapidly , but superficially on the surface of the agar; at lower temperatures , the
hyphae penetrated the agar, but grew more slowly. Richards suggested that plants are
more vulnerable to R. solani when grown at less than their optimum temperature,
however, when temperatures are optimum for R. solani, the fungus will parasitize
various hosts regardless of host optimum temperature. Doornik (1981) tested the
pathogenicity of both warm and cold-adapted isolates of R. solani on several bulb crops
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and concluded that the influence of the relationship between temperature and the
pathogenicity of an isolate was more important than the influence of the growth rate of
the host. In addition , Doornik's study and others indicate that there is great variability
in the optimum temperatures preferred by different R. solani isolates. The cold-adapted
isolates in Doornik' s study were most infectious at 9°C , while the warm-adapted
isolates did not infect plants below 13°C. Pre-emergence damping-off of radish was
greatest at 26°C (Benson and Baker, 1974). Leach (1947) determined that R. solani
could cause severe pre-emergence damping-off of sugar beets at temperatures between
16 and 30°C, while optimum disease incidence on dry beans occurred within a
narrower range of 21 to 27°C (van Brugen et al., 1986).
Disease severity caused by R. solani may be more closely related to conditions
favorable or unfavorable to the host. Leach (1947) tested the effect of temperature on
several damping-off fungi with several hosts , and found that the pathogenicity of the
disease-causing organism was always most severe when temperatures favored growth of
the pathogen over growth of the host. He suggested an inverse relationship between the
growth rate of the host and the growth rate of the pathogen, and the pathogenicity of a
particular isolate can be quantified by determining a coefficient of host growth
rate/pathogen growth rate at a specified temperature.
In general , growth and pathogenicity of R. solani are favored by drier soils. Blair
(1943) tested the influence of soil moisture on the growth of five isolates of R. solani in
four different soil types. Results from tests at 33 , 50, and 80% saturation revealed , that

4

in all cases , R. solani grew more rapidly under drier conditions. The reduced growth in
wetter soils was attributed to decline in soil aeration. Further testing, in which 50%
saturated soil was artificially pressure-aerated, confirmed that increased aeration can
promote R. solani hyphal growth. The pathogenicity of R. solani on both roots and
stems of Poinsettia was significantly increased at soil moistures below 40 % moisture
holding capacity (MHC) (Bateman, 1961). When soil moisture was increased to 80%
MHC , little or no damage occurred to plants. Though soil temperature was found to be
a greater determinant of disease incidence than soil moisture, disease severity caused by

R. solani on dry beans was greatest also in drier soils (van Bruggen et al. , 1986) . In
addition, the authors noted that the increased disease severity occurring at lower
moisture levels could be due to slower growth of the host plant, which would concur
with the results of Leach (1947).

Control of Rhiwctonia solani

Rhizoctonia solani is usually controlled in greenhouses with fungicide soil drenches and
fungicide seed treatments (Mc Carter, 1991). However, in a recent study with
greenhouse-grown cotton, significant control of R. solani was achieved with bacterial
seed treatments. Pleban et al. , (1995) found that treatment of cotton seedlings with
isolates of Bacillus cereus, B. subtilis, or B. pumilus reduced both the incidence and
severity of damping-off disease caused by R. solani. Though not considered significant,

B. cereus treatment also increased the fresh weight and plant height of cotton seedlings
over time. Autoradiograms of 14C-labeled B. cereus revealed that the bacteria had
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colonized both the roots and lower stem. Soil drenches of B. subtilis prior to planting
also has been shown to reduce disease severity caused by R. solani and to promote
growth of greenhouse grown peas (Boch ow and Gantcheva, 1995). Given that mature
and rapidly growing tomato plants are less susceptible to R. solani (Agrios , 1988) , the
disease-reducing and growth-promoting characteristics fostered by PGRP may provide
an alternate solution to control of damping-off in the greenhouse.

BEAUVERIA BASS/ANA AS A BIOCONTROL AGENT

Beauveria bassiana is a ubiquitous plant and soil fungus with entomopathogenic
properties. Various strains of the fungus occur worldwide and have an extensive insect
host range , which includes Lepidoptera, Coleoptera, Hemiptera, Diptera, and
Hymenoptera (Tanada and Kaya, 1993). Beauveria bassiana is a well known plant
epiphyte (Bills and Polishook, 1990). Further, it has recently been shown to
endophytically colonize potato, and can maintain its viability in potato plant tissues for
extended periods of time (Jones , 1994) . Beauveria bassiana produces several potent
mycotoxins , which provide some of its entomopathogenic properties . The mycotoxins ,
which are antibiotics, include beauvericin, oosporein, and cyclosporin. Their
production can be influenced by the culture media used for B. bassiana growth (Tanada
and Kaya, 1993). Considerable variation in virulence and pathogenicity may occur
between strains of B. bassiana , therefore strains have been selected for their
entomopathogenic properties (Tanada and Kaya, 1993) .
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There has been very little research published on the potential of B. bassiana as a
biocontrol agent of plant pathogens, and these have been primarily in vitro studies.

Beauveria bassiana has been shown to inhibit the in vitro mycelial growth of Fusarium
oxysporum, Armillaria mellea, and Rosellinia necatrix (Reisenzein and Tiefenbrunner,
1997). Culture filtrates of B. bassiana inhibited mycelial growth of F. oxysporum and

Botrytis cinerea (Bark et al. , 1996). The growth inhibition of F. oxysporum was
greatest when B. bassiana was grown on tryptic soy agar , but greater inhibition of B.

cinerea occurred when it was grown on potato dextrose agar. In the same study, B.
bassiana was shown to delay the start, and reduce the percentage of conidial
germination by both B. cinerea and F. oxysporum. In greenhouse studies , B. bassiana
treatment reduced infection of onion bulbs by F. oxysporum f. sp. cepae (Flori and
Roberti , 1993). Both B. bassiana and B. brongniartii induced lysis of Pythium

ultimum, P. debaryanum and Septoria nodorum cells and inhibited their overall growth
(Vesely and Koubova, 1994). However, these authors found that some phytopathogenic
fungi , including R. solani, showed resistance to Beauveria spp.
In several studies, the potential of different formulations for the storage and
introduction of B. bassiana as a biocontrol agent of insect pests has been examined.
Knudsen et al. (1990) had excellent success in formulating B. bassiana isolate SGBB
8601 into alginate pellets after growing the isolate in liquid culture. Biomass production
of B. bassiana in culture was greatest in Sabouraud 's broth

+

1 % yeast extract (SBY) ,

and sporulation of the alginate pellets was greatest when the pellet formulation was
supplemented with wheat bran. However, the pellets had excellent shelf life, both with
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and without the supplement, and sporulated profusely after five months of storage at
room temperature. B. bassiana has also been successfully stored in cornstarch
formulations (Pereira and Roberts , 1991). Though production of conidia was highest in
a cornstarch-oil formulation , alginate pellets and cornstarch alone were also effective
storage materials. When compared to freshly prepared materials , 13 weeks of storage at
room temperature, or at 4 C, actually increased production of conidia in all three
formulations. In addition , the researchers found that the alginate formulation increased
protection of the fungal mycelium from solar light. Similar alginate materials have been
used to encapsulate the biocontrol fungi of plant pathogens , including Trichoderma,

viride and Gliocladium virens (Fravel et al. , 1985). These results suggest that B.
bassiana has excellent storage abilities and has dual potential as a biocontrol agent of
both insect and plant disease pests .

PLANT-GROWTH-PROMOTING RHIZOBACTERIA AND OTHER
BIOCONTROL BACTERIA

The ability of PGPR to reduce plant disease and promote plant growth has been shown
in a number of host-pathogen relationships (Leeman et al. , 1995 ; Liu et al. , 1995a;
Wei et al. , 1991). However, experimental results in the field have been inconsistent.
Experiments with PGPR control of pathogens in vitro may not be successful in field
tests. The inconsistency of results is likely due to the diverse microbial composition of
various plant rhizospheres and the complex nature of plant-microbe interactions
(Handelsman and Stabb, 1996). Several interactions are involved. First, plants must
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support the biocontrol agent. It is known that the host plant may be species or even
cultivar specific in their ability to support PGPRs (Kloepper, 1996). For example,
some plants may produce root exudates which attract biocontrol agents (BCA) to the
infection site and/or directly support their growth , while others may not. Second , host
plants may produce substances that stimulate BCA production of pathogen inhibitors.
Third, hosts must respond to pathogen-produced signals inducing systemic resistance
(Handelsman and Stabb , 1996). In addition , disease suppression in specific hosts by
biocontrol agents can be influenced by local environmental conditions (Kloepper,
1996). Weller (1988), suggested that the selection of BCAs should begin in the
environment in which they will be used , or from soils found naturally suppressive to
the pathogen. However, while BCAs can only be effective in environmental conditions
conducive to their development, recent evidence indicates that effective BCAs may
come from a variety of origins. Of six Pseudomonas strains selected for control of

Sclerotinia sclerotiorum on sunflower, only one was isolated from sunflower. The other
five strains were isolated from corn and apple tree roots (Expert and Digat, 1995).
Hokeberg et al., (1997) screened bacteria from various climactic zones , and from both
wild and cultivated plants , for rhizosphere BCAs effective in controlling three
pathogens of cereal grains , Drechslera teres , Microdochium nivale, and Tilletia caries.
Little relationship was found between the original climactic zone of the isolate and their
ability to control the disease organisms. Further, although 72 % of the samples were
taken from fields continuously planted to cereals , only 23 % of the effective isolates
came from such fields.
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Screening for biocontrol agents
Screening for biocontrol agents which are effective under field conditions can be a
laborious job. The task is to efficiently test a large number of potential isolates for
those with the desired biocontrol traits (Hokeberg et al. , 1997). A hierarchical
approach is often used in which the initial screenings are conducted in the laboratory or
greenhouse, followed by field studies (Knudsen et al., 1997). The initial screenings can
eliminate wasted time and expense used to conduct extended field studies with
ineffective isolates. For example, isolates that show significant antibiosis properties in
vitro, may exhibit limited effectiveness in greenhouse pot studies, and can be
eliminated at this step before entering extended field trials. Screening isolates by this
system may not be exclusive enough (Hokeberg et al., 1997). On the other hand ,
screening protocols may eliminate biocontrol agents which show little promise in the
laboratory, but are effective in the field (Knudsen et al. , 1997). Renwick et al. , ( 1991),
used in vivo screening of 1,800 rhizosphere microorganisms to select 30 isolates
effective in controlling take-all of wheat, however, seven of the 30 selected isolates
exhibited no antibiosis activity in vitro. When dual culture tests were examined for their
effectiveness in selecting BCAs , the results varied considerably with the nutrient media
used (Renwick et al. , 1991). In addition, isolates that are capable of inducing
resistance , but show no direct inhibition of pathogens in vitro , may be eliminated in the
initial laboratory assays. Knudsen et al. , (1997) have suggested that greenhouse pot
studies with field soils and/or micro-plot field studies could effectively be used in initial
screenings. Another alternative is to use molecular probes to screen biocontrol strains
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for those that suppress pathogens through common mechanisms . Strains discovered by
this method may be adapted to a variety of environmental conditions, and may
potentially be combined to provide a genetically diverse mixed inoculant (Handelsman
and Stabb , 1996).

Host rhizosphere and endophytic colonization
Biocontrol bacteria that quickly and aggressively colonize root tissues may have a better
chance to succeed, but it is not clear whether they are required at high population
densities to be effective. Handelsman and Stabb (1996) think that roots have a carrying
capacity for microorganisms , and therefore , introduced biocontrol bacteria tend to
replace rather than augment indigenous species. If this is true , then bacterization of
roots in extremely high numbers may not be possible, and evidence suggests that it may
not be necessary to suppress pathogens . Bacterization of chickpea seeds at high (1 x
1010) and low (1 x 106) population densities , followed by planting in nonsterilized soil ,
did not influence the final population density of the bacteria recovered from roots 45
days later (Nautiyal , 1997). However, the difference between the initial inoculum
density and the density colonizing root tissues is generally significant, and therefore ,
high initial inoculum densities may be required to achieve target densities. In field
studies testing for BCA control of Sclerotinia sclerotiorum, sunflower seeds were
pretreated with Pseudomonas fluorescens or P. putida at 4.1 x 107 to 5 .2 x 108 colony
forming units (cfu)/seed, however only 1.2 x 103 to 3.5 x 103 cfu/g of root were
recovered one month later (Expert and Digat, 1995). Control of S. sclerotiorum was
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highly correlated with the initial inoculum density of the seed treatments , and it was
determined that 1.0 x 109 cfu/ml would be necessary to obtain control (Expert and
Digat, 1995). Though differences in initial inoculum density do not always correlate
with differences in disease suppression , suppression of some pathogens may require a
threshold population density of root colonizing bacteria. (Leeman et al. , 1995 ;
Raaijmakers et al. , 1995). However, in other host pathogen systems, there may be little
relationship between disease suppression and population densities of biocontrol bacteria
(Liu et al. , 1995b).
Host maintenance of biocontrol bacterial populations over time may also be critical
to their success. In several field studies, selected strains of Bacillus subtilis , that have
previously exhibited biocontrol activity were capable of long term rhizosphere
colonization. Brannen and Backman (1993) treated five cultivars of cotton seed with
either B. subtilis GUS2000 or B. subtilis GUS376 , and then monitored the ability of the
bacteria to colonize the rhizosphere throughout the growing season. Both strains
effectively colonized the cotton roots in significant numbers up to 165 days after
planting. Though there were significant differences in the level of bacterial colonization
among the five cultivars, the differences may have resulted from differing initial pH
levels of the seed , and could not be attributed to other cultivar characteristics .
Likewise, in field studies with corn, Bochow and Gantcheva (1995) found that B.
subtilis strains colonized corn roots for extended periods when introduced as seed
treatments. Two months after planting, significant numbers of active bacterial spores
were found in the rhizosphere up to 50 cm from the treated seed and at depths of at
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least 15 cm. When soybean seeds were treated with the BCA Bacillus cereus UW85,
and then planted in the field , the bacteria persisted in the rhizosphere until harvest
(Halverson et al. , 1993).

Spatial and temporal distribution of biocontrol bacteria on roots
The population size and distribution of introduced biocontrol bacteria may vary over
time. After treating wheat seeds with a rifampicin-resistant mutant strain of bacteria,

Bacillus sp. L324-92R 12 , or the known BCA , Pseudomonas fluorescens 2-79RN 10 , Kim
et al. (1997) compared the population dynamics of L324-92R 12 with those of 2-79RN 10
on developing wheat roots. In both growth chamber and field studies , populations of 279RN10 were significantly greater than those of L324-92R 12 in early samplings.
However, by 45 days in growth chamber studies and 150 days in field studies , the
population sizes were nearly equivalent. Also , P. fluorescens 2-79RN 10 generally
populated root tissues much further from the crown than did Bacillus sp. L324-92R 12 •
When Bacillus cereus UW85 was introduced onto soybeans, most populations
developed near the crown of the plant, and then generally decreased through the
growing season (Halverson et al. , 1993). Chin-A-Woeng et al. , (1997) studied the
temporal and spatial distribution of Pseudomonas fluorescens introduced onto tomato
roots with scanning electron microscopy. After germinated seeds were incubated in a P.

fluorescens suspension, they were observed for 7 days. The bacteria proliferated on the
seed coat for 2 to 3 days , while microcolonies developed at the root base for 1 to 3
days. Later, micro-colonies which initially started as single cells , developed further
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from the crown, and by day 7 were found up to 11 cm from the root base. The
microcolonies developed in junctions between epidermal cells , and to a lesser extent in
indentations of the epidermal surface. The authors suggest that microcolony formation
at these sites is important to the biocontrol properties of P. fluorescens because they are
the sites most vulnerable to attack by pathogenic fungi.
Endophytic bacteria may colonize roots at several different locations in plant
tissues. Quadt-Hallmann and Kloepper (1996) used transmission electron microscopy to
compare the colonization patterns of the BCA Pseudomonas fluorescens 89B-61, with
those of Enterobacter asburiae JM22 . Following seed treatment, P. fluorescens 89B-61
colonized only the epidermal and outer cortical tissues of cotton plants, however , E.

asburiae JM22 was found throughout the cortex and within the vascular stele. A later
study indicated that the endophytic bacterium, Enterobacter asburiae JM22 , could be
introduced to cotton along with the rhizobacterium , Micrococcus agilis 2RDll , without
reducing the population density of E. asburiae JM22 colonizing roots (Quadt-Hallmann
et al. , 1997). However, co-inoculation of E. asburiae JM22 .with a second endophytic
bacterium , Paenibacillus macerans Tri2- 10, significantly reduced the population
density of E. asburiae JM22. The authors of these two studies suggest that endophytic
bacterium may be classified as either predominantly "cortical colonists " or
predominantly "systemic colonists." They concluded that while the biocontrol abilities
of the bacteria were not dependent on systemic colonization of plant tissues , biocontrol
may be diminished by other bacteria competing for the same ecological niches (QuadtHallmann et al. , 1997). In addition , these results suggest that combined treatments of
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two or more BCAs may be more effective if the selected organisms occupy different
ecological niches.

Host specificity of biocontrol bacteria
Biocontrol bacteria may differentially colonize and suppress disease in different host
species or cultivars. However, the potential sale and use of BCAs will likely depend on
their ability to control disease over the range of plant cultivars used in commercial
production. Neal et al. (1973) showed that substitution of one base pair of
chromosomes from a cultivar of spring wheat with homologues from another cultivar
can significantly change the microbial characteristics of the host rhizosphere. The
substituted base pair was the same pair previously associated with differentiating
resistance and susceptibility in other wheat cultivars . While the study did not include
biocontrol bacteria, the results suggested a link between the composition of the
microbial community and disease resistance. In order to extend the range of BCAs ,
some researchers are looking specifically for host cultivars which are genetically
predisposed or "hospitable" to colonization by selected BCAs (Handelsman and Stabb ,
1996). When the biocontrol ability of P. fluorescens strain CHAO was compared with
that of a recombinant strain which overproduces the antibiotic metabolites involved in
disease suppression, their effectiveness was dependent on the specific host-pathogen
system examined (Maurhofer et al. , 1995) . The recombinant strain controlled disease
more effectively in some host-pathogen systems , had little effect on some, and was
toxic to the host in others. It was concluded that the plant species , but not the pathogen,
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determined which strain was more effective in suppressing disease. PGPR induction of
resistance in plants may also be cultivar specific. Pseudomonas putida strain 89B-27
induced resistance in three susceptible cultivars of cucumber, while in the same test,

Serratia marcescens strain 90-166 induced resistance in only two of three cultivars.
Neither strain induced resistance in a resistant cultivar (Liu et al. 1995b).

Mechanisms of action
Most biocontrol agents tend to be somewhat specific in their ability to control
pathogens , however, some PGPRs can suppress several pathogens (Wei et al. , 1995).
Suppression of multiple pathogens may be related to the ability of some PGPRs to work
by more than one mode of action (Kloepper, 1996). Plant-growth-promoting
rhizobacteria may control disease through several mechanisms including antibiosis ,
competition for nutrients and available soil iron reserves , and induction of systemic
resistance. Antibiosis is generally defined as antagonism mediated by specific or
nonspecific metabolites of microbial origin. The metabolites may be lytic agents ,
enzymes, volatile compounds , or other toxic substances (Fravel , 1988). Because most
BCAs produce more than one type of antibiotic, it is thought that pathogen populations
resistant to antibiotics will develop slowly (Handelsman and Stabb , 1996) . In addition,
antibiosis is seldom the sole mode of action by which BCAs inhibit pathogenic
organisms. Generally, antibiotic-producing BCAs also control pathogens through
competition, parasitism , or induced resistance (Fravel , 1988).
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Siderphores are low molecular weight iron(III) transport agents produced by aerobic
and facultatively anaerobic microorganisms in response to low iron stress, which are
capable of complexing iron(III) with great affinity (Leong , 1986). Biocontrol agents
may function by sequestering iron(III) in low iron soils , hence depriving pathogens of
this essential element and inhibiting their growth (Leong, 1986). It has also been shown
that under low iron conditions , Pseudorrwnas aeruginosa 7NSK2 produces the
siderphore, salicylic acid (SA) , which not only sequesters iron, but also induces
systemic resistance to Botrytis cinerea on beans (De Meyer and Hofte, 1997) . This is
another example of the multiple mechanisms utilized by some BCAs to suppress
pathogens. Kloepper (1996) has suggested that PGPRs with the ability to control a
spectrum of pathogens work by producing a variety of anti-microbial compounds , while
simultaneously inducing systemic resistance in plants. In this view, less specific strains
of biocontrol agents which produce a variety of anti-microbial compounds and induce
systemic resistance , will exert lower selection pressures on pathogenic organisms and
provide more durable control.

Dose response relationships
Biological control of plant pathogens may largely be determined by the comparative
densities of the pathogen and the introduced BCA. Several models have been proposed
which attempt to describe the virulence of the pathogen and the efficiency of the BCA
within host/pathogen systems. Accurate models may potentially relate the dose of the
biocontrol agent and the pathogen to disease, and by determining the proportion of
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active pathogen remaining in the presence of a given BCA density , provide information
on the dosage of the biocontrol agent required to achieve biological control (Montesinos
and Bonaterra, 1996). Johnson (1994) proposed a model that defined the parameters
and the level of efficiency that might be expected from inundatively applied BCAs . The
model suggests that the degree of disease control is influenced by the density of both
the BCA and the pathogen, the efficiency of the BCA in inhibiting the pathogen, and
the proportion of the pathogen that is potentially affected by the agent. The proposed
model was validated when it was tested against datasets from previous experiments that
used BCAs to control several phytopathogenic fungi. Though influenced by all of the
parameters, the greatest determinant of BCA disease control may be an asymptote
parameter, the proportion of the pathogen that is potentially affected by the agent.
Johnson (1994) thinks that the proportion of pathogen inoculum affected by the BCA
may be reduced when the plant pathogen and the BCA are adapted to different
ecological niches , have different spatial distributions, or when the pathogen is able to
exist in a protected refuge. This is particularly evident at moderate to high pathogen
inoculum levels , where disease incidence in control plants is generally high. In such
cases , BCAs can be overwhelmed by the extent of pathogen inoculum and the
effectiveness of the BCA can be expected to be very low. On the other hand , effective
biocontrol is most likely to occur when the BCA is adapted to similar ecological niches
or has similar spatial distributions as the pathogen, and when pathogen densities are
moderate to low (Montesinos and Bonaterra, 1996).
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The importance of pathogen densities has been demonstrated in studies which relate
inoculum densities to disease incidence in control plants . When disease incidence in
radish plants caused by Fusarium oxysporum f. sp. raphani was above 89 % in
untreated control plants , no significant disease reduction was found in plants treated
with the BCA , Pseudomonas putida WCS358. (Raaijmakers et al. , 1995). When the
same researchers tested the biocontrol activity of P. fluorescens WCS374 , similar
results occurred , even though it has a different mechanism of action than P. putida
WCS358. Though some biocontrol may occur over a range of disease incidence in
control plants (Leeman et al., 1995), it appears that the most effective control occurs
when disease incidence in control plants is approximately 50 %. Control of F .
oxysporum f. sp . raphani with either P. putida WCS358 or P. fluorescens WCS374,

was greatest when disease incidence in control plants was approximately 50 %
(Raaijmakers et al. , 1995). Conway et al. , (1 997) , tested disease incidence in rosemary
cuttings caused by R . solani. Rhizoctonia solani was grown on a cornmeal/vermiculite
mixture, sieved through 500- and 250-µm aperture screens , and then introduced into
soil at inoculum densities of 0.01 , 0.1 , and 1.0% (w/w). At 0 .1 % inoculum density,
disease incidence was approximately 50 %. In subsequent studies on biological ,
chemical, and integrated controls, tests were conducted at this density. A test for the
incidence of wirestem on cabbage caused by R. solani also indicated a relationship
between inoculum density and disease incidence . In this case, R. solani was grown in a
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sand/cornmeal medium , but was not sieved . A soil inoculum density of 0 .5 % (w/w)
caused a 50 % disease incidence (Keinath, 1995).

INDUCED SYSTEMIC RESISTANCE

Plants resist local pathogen attack with an array of preformed and inducible defense
mechanisms. In addition, the initial attack can induce a systemic defense reaction by
which plants develop an increased resistance to subsequent infection in both local and
remote tissues . Induced resistance was originally termed systemic acquired resistance
(SAR) and may be ubiquitous among higher plants (Neuenschwander et al. , 1996).
Induction of SAR in tobacco can significantly reduce disease symptoms caused by
seven of the nine major tobacco pathogens , including TMV , Phytophthora parasitica,
and Pseudomonas syringae pv. tabaci (Ryals et al. , 1996). However, Yalpani et al.
(1991) found that while TMV tobacco carrying the N resistance gene (Xanthi-nc) was
capable of an induced response , TMV susceptible plants (Xanthi-nn) were not, which
suggests that the SAR response is host specific . Though the term "immunity " is often
used to describe induced systemic resistance in plants, it implies that the mechanisms
underlying the reaction are similar to immune reactions in humans and animals ,
however they are quite different. Van Loon (1997) suggested that the term "enhanced
disease capacity " (EDC) better describes the reaction and would avoid the confusion
associated with usage of the term "immunity." Regardless of the terminology, it
appears that the induced reaction may be triggered by several mechanisms , is
multicomponent in nature , and is non-specific, providing protection against a selected
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spectrum of pathogens. Enhanced disease capacity can be triggered by necrotizing
pathogens (Tuzun et al., 1992), chemical applications (Gorlach et al. , 1996),
colonization of the rhizosphere by rhizobacteria (Liu et al., 1995a), or by abiotic stress
(Yalpani et al., 1994). With fungi, the reaction may directly inhibit fungal growth
(Kovats et al. , 1991a), promote cell wall modifications that inhibit fungal ingress (Ye et
al. , 1991), and "prime " the plant to respond quickly and vigorously to subsequent
attack (Heath, 1995) . Also , in at least one case, it has been shown that EDC can inhibit
fungal spore germination (Kovats et al. , 1991 b).

Systemic acquired reisistance

In so called "classic SAR", as originally studied with tobacco mosaic virus (TMV) in
tobacco, EDC occurs in response to cell death triggered by a necrotizing pathogen. The
response triggers a signal transduction pathway which is typically characterized by the
accumulation of salicylic acid (SA), and subsequently , the accumulation of
pathogenesis-related (PR) proteins (Yalpani et al., 1991). It is unclear whether SA is
the transported signal that induces systemic resistance in remote plant parts. When
labeled atmospheric 180 2 was used to trace SA translocation and accumulation in TMVinoculated tobacco , 70% of the SA which accumulated systemically in uninoculated
leaves had its source in the original inoculated leaf (Shulaev et al. , 1995). However, in
other research, including work with NahG-transformed tobacco mutants which are
unable to accumulate SA, there is evidence that SA may not be the trans located signal.
When N ahG-transformed tobacco rootstocks were inoculated with TMV, SA
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nevertheless accumulated in wild-type scions , and SAR was induced (Vemooij et al. ,
1994) . This suggests that SA is important to SAR induction in local tissue , but may not
be the systemically transmitted signal. Likewise , the role of PR proteins in SAR is
uncertain, though a significant body of evidence suggests that they may be important.
Recent reviews of this evidence by Sticher et al. (1997) and Van Loon ( 1997), make
the following points i) a correlation exists between the induction of SAR and the local
and systemic accumulation of PR proteins, ii) some PR proteins show antimicrobial
activities in vitro, iii) transgenic plants overexpressing one of the PR proteins are more
resistant to diseases , however overexpression has no effect on resistance in other plant
species, and iv) PR proteins have not shown any activity against bacteria or viruses,
which is difficult to reconcile with the non-specific, broad spectrum resistance,
characteristic of SAR. Taken together, these points suggest that PR proteins play a role
in SAR, however the role is only important in some cases, and may only be of a
secondary nature.

Chemically induced SAR
Synthetic chemicals can induce an SAR-like response without preceding tissue necrosis.
Foliar applications of benzo(l ,2,3)thiadiazole-7-carbothioic acid S-methyl ester (BTH),
can provide season long protection to wheat against powdery mildew (Gorlach et al.,
1996). Systemic resistance can also be induced in tobacco plants with BTH . After BTH
treatment, tobacco plants exhibit resistance to Cercospora nicotianae, Peronospora

tabacinia , Erwinia carotovora , Phytophthora parasitica , Pseudomonas syringae, and
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TMV (Friedrich et al., 1996). Unlike classic SAR, BTH-induced resistance in tobacco
without the accumulation of SA. However, BTH did induce the accumulation of PR-1
mRNA, which indicates that BTH activates the induced response at a point further
downstream the signal transduction pathway than when triggered by tissue necrosis. In
addition, BTH was shown to induce SAR in Xanthi-nn tobacco which does not carry
the N resistance gene. This may indicate that by working further downstream the signal
transduction pathway, BTH treatment is less host specific. In vitro tests have shown
that BTH has no fungicidal properties , which along with other evidence suggests that
the resistance is induced.

PGPR induced resistance

Some PGPRs induce systemic resistance in plants (Leeman et al., 1995; Pieterse et al. ,
1996; Wei et al., 1991). Resistance is induced after host roots are colonized by the
selected PGPR, and because it appears to differ mechanistically from SAR, has been
termed induced systemic resistance (ISR) (Van Loon, 1997) . Like SAR, ISR may
develop to a selected spectrum of viral , bacterial, and fungal pathogens and is exhibited
throughout the plant. ISR has been shown to develop against both aerial and soilbome
plant pathogens (Liu et al. , 1995a; Maurhofer et al. , 1994; Pleban et al., 1995). The
plant response is similar to SAR, except that it is not associated with tissue necrosis ,
and host resistance may develop without the accumulation of (SA) and (PR) proteins.
Pieterse et al. (1996) conducted tests with Arabidopsis as host to show that SA
application or treatment with Pseudomonas fluorescens WCS417r (a PGPR strain)
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induced resistance to Fusarium oxysporum and Pseudomonas syringae. They found no
significant difference in the level of resistance induced by the two treatments . They
also used Arabidopsis NahG mutants, which are unable to accumulate SA, to show that
the resistance induced by WCS417 was not accompanied by either SA or PR protein
accumulation. However, other experiments indicate that SA and PR proteins can be
induced by PGPRs (Hoffland et al. , 1995; Maurhofer et al. , 1994). In either case, the
experiments have clearly shown that the developed resistance was systemically induced
and was not a result of PGPR production of antibiotics , or due to PGPRs competing
with pathogens for infection sites or nutrients .
The mechanisms by which PGPRs induce resistance in plants is unknown . Though
PGPR-induced resistance can be substantial , Van Loon (1997) thinks that the protection
provided is less than that provided by SAR, and suggests that resistance induced by
necrotizing pathogens promotes a broader range of defense reactions. This reasoning is
supported by the fact that PGPRs have only been shown to induce PR protein
production in some cases . Other evidence suggests that a certain threshold population
density of the PGPR must be present to induce resistance . Two experiments with

Pseudomonas fluorescens strain WCS374 indicate that , at least for this strain, the
threshold is 1 x 105 cfu/g of root, below which resistance is not induced (Leeman et
al., 1995; Raaijmakers et al. , 1995). Increasing the root population densities above this
threshold did not increase efficacy of the treatment in either study.
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The role of jasmonates in induced resistance

Jasmonic acid (JA) and its methyl ester (MeJA) are ubiquitous compounds of higher
plants that play a role in a number of plant physiological processes, including plant
responses to wounding and resistance responses to insect and pathogen attack
(Creelman and Mullet, 1997). When soybean stems were wounded, JA and Mela levels
rapidly increased in the wounded stem tissues (Creelman et al., 1992). In the same
study, when MeJA was added to soybean suspension cultures, mRNA levels increased
for several wound-responsive genes (Creelman et al. , 1992), which, according to the
authors, suggests that JA and MeJA mediate plant responses to wounding. Likewise ,
JA and MeJA are thought to function in the intracellular signal cascade of some
elicitor-induced plant defense responses (Gundlach et al. , 1992) .
The specific role of JA and MeJA in induced resistance responses is not entirely
clear, and may vary considerably among different host/pathogen/biocontrol systems.
For example, Kogel et al., (1995) found no evidence which indicated that jasmonates
either directly inhibited the powdery mildew fungus (Erysiphe graminis f. sp . hordei)
on barley, or functioned in a signal transduction pathway which induced resistance in
barley. However, more recent evidence indicates that jasmonates are mediators of
induced resistance in some systems. Pseudomonas fluorescens WCS417r induces
resistance to P. syringae pv . tomato in wild-type Arabidopsis , but not in the jar1
Arabidopsis mutant, which exhibits reduced sensitivity to MeJA (Pieterse et al., 1998).
The authors have proposed a model in which pathogen-induced and rhizobacteriuminduced resistance share a common regulator , but otherwise follow different signaling
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pathways and lead to production of different defense compounds . This is supported by
earlier research which showed that WCS417r induces resistance without the
accumulation of salicy lie acid or PR proteins (Pieterse et al. , 1996) .

Hydrogen peroxide (H2O2) and induced resistance

A transgenic potato plant has been developed that expresses a fungal (Aspergillus niger)
gene encoding a glucose oxidase (GO) (Wu et al. , 1995) . Hydrogen peroxide is a
product of the oxidation of P-D-glucose by GO . Expression of the GO gene results in
increased production of H2 0 2 . Tissues of GO-transformed plants were found to have
two to three times the amount of H20 2 as non-transformed control plants . In soft rot
tests , in which transgenic potato tubers were inoculated with Erwinia carotovora subsp.
carotovora , nearly complete control was observed under aerobic conditions and

substantial resistance was developed under anaerobic conditions . The inoculation
caused an additional 1.5 fold increase in H2 0 2 , while exogenous application of a
catalase eliminated the developed resistance. In addition, GO transformed plants exhibit
reduced potato late blight sympt9ms after infection with Phytophthora infestans . This
experiment suggests an important role for H 20 2 in disease resistance . While H20 2
exhibited anti-microbial properties and was correlated with increased resistance , it is
unclear whether the effects were a direct result of H20 2 , if an intermediary compound
was involved, or if induced resistance was involved .
The role of H2 0 2 in induced resistance is somewhat controversial. It had been
proposed that SA induction of SAR was mediated by the accumulation of H2 0 2 (Chen et
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al. , 1993) . The suggestion was that SA binding to a catalase protein inhibited the
degradation of H 20 2 and led to increased concentrations of H 20 2 • The accumulating
H 20 2 then functioned as a systemic signal in SAR. However, recent research has shown
that H 20 2 requires accumulated SA to induce SAR. Infiltration of NahG mutants with
H 20 2 did not induce SAR, however, it was found that increasing concentrations of
H 20 2 stimulated accumulation of SA (Neuenschwander, et al. , 1995). Other researchers
have confirmed that H 20 2 stimulates SA accumulation(Leon et al., 1995) . Plants under
high H2 0 2 stress have also been shown to accumulate acidic and basic PR proteins in a
manner similar to the hypersensitive response (Chamnongpol et al. , 1998) . The
accumulation of H20 2 was accompanied by subsequent increases in SA levels . The
researchers concluded that SAR could be induced by severe H 20 2 stress, possibly in
combination with necrosis , and that H 20 2 may function upstream from SA in the signal
transduction pathway.

PLANT GROWTH PROMOTION AND INDOLE-3-ACETIC ACID
PRODUCTION

In addition to reducing the incidence and severity of disease, PGPRs have been shown
to increase plant growth (Wei et al. , 1991). This is due in part to decreases in disease
severity , however , other unknown mechanisms are likely involved . Some evidence
indicates that growth may be stimulated by rhizobacterial production of IAA (Patten
and Glick, 1996). Indole-3-acetic acid is the most active naturally-occurring auxin in
plants and is thought to stimulate cellular elongation in seedlings, activate cellular
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differentiation in vascular tissue, and stimulate the production of adventitious roots
(Moore , et al., 1995) . The mechanisms by which IAA produces these effects is unclear
and is complicated by the interactions of IAA with other plant hormones . For example ,
while it is known that cytokinins stimulate cellular division, the stimulatory effect does
not take place in the absence of auxin . Therefore, auxin also has an indirect effect on
cellular division.
Stimulation of plant growth by !AA-producing bacteria has been demonstrated in
several studies . Selvadurai et al., (1991) tested five isolates of B. cereus and found that
three promoted the growth of both tomato and wheat plants when suspensions of the
bacteria were applied as soil drenches on potted plants. Analysis of culture filtrates of
the B. cereus isolates revealed that two of the three growth-promoting bacteria
produced detectable amounts of IAA. Growth promotion induced by the third isolate
was attributed to production of indole-3-ethanol (IEt) . It is thought that IEt produced by
bacteria is converted to IAA by the plant after uptake. Bacillus polymyxa , which
produces IAA, can also enhance plant growth (Holl et al. , 1988) . After pots of crested
wheatgrass and white clover were inoculated with cultures of B. polymyxa , a significant
increase in plant dry weight occurred over time . Growth promotion was associated with
bacterial IAA production, but could not be associated with other growth promoting
factors , such as suppression of pathogenic organisms , biological fixation of nitrogen, or
solubilization of phosphorous.
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Effects of IAA quantity
The quantity of IAA introduced into plant tissues may influence its effect on plant
growth in several ways. For example , changes in the auxin:cytokinin ratio can change
the ratio of subsequent root to shoot growth (Moore et al. , 1995) . Holl et al. , (1988)
found that treatments with B . polymyxa or IAA increased the root:shoot ratio of plants
by 18 % and 7 % respectively . In a review of the physiological effects of bacterial
produced IAA on plant growth, Patten and Glick (1996) suggest that while optimal
levels of IAA may enhance plant growth, supraoptimal levels may be detrimental and
decrease plant growth. These supraoptimal levels of IAA may occur when plants which
naturally produce large amounts of IAA are treated with !AA-producing bacteria.
Sel vadurai et al. , ( 1991 ) used ether extracts of Bacillus cereus culture filtrates as
treatments on wheat seedlings to show that while lower concentrations of the extracts
could enhance root growth , a higher concentration generally retarded root growth .
When twelve strains of !AA-producing rhizobacteria were tested for their effects on the
primary root growth of sugar beet seedlings , a significant linear relationship was found
between IAA production and decreased root elongation (Loper and Schroth, 1986).
Further, when used as seed inoculants , !AA-producing strains of Pseudomonas
syringae pv . savastanoi sharply reduced root elongation of sugar beet seedlings, while

a mutant deficient in IAA production did not (Loper and Schroth, 1986). Modifying the
pools of plant hormones available to plants may disrupt hormonal balance and hence
normal plant growth and development.
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The effects of introduced IAA on plants may also be attributed to differences in the
sensitivity of particular plants to IAA . Holl et al. , (1988) found that while treatments
with IAA or Bacillus polymyxa promoted growth in crested wheat grass and white
clover, they retarded growth in perennial ryegrass . Likewise , treatment of softwood
cuttings with a recombinant strain of Pseudomonas fluorescens , which overproduces
IAA , increased root growth, stem length, and stem thickness of blackcurrant, but
inhibited the growth of sour cherry (Dubeikovsky et al ., 1993). Though none of the
PGPR isolates tested by Wei et al. , (1991) were detrimental to plant growth, it may be
important to monitor the production of IAA in subsequent experiments.

Adventitious root formation and IAA

Aside from its effects on primary root growth, IAA may stimulate adventitious root
formation. Indole-3-acetic acid has long been used as a rooting stimulant on cuttings
grown in greenhouse production. Though much of the experimental evidence is
circumstantial, IAA is thought to be particularly important in the early stages of
adventitious root initiation (Blakesley et al. , 1991). If IAA increases adventitious root
development, it may enhance the ability of a plant to withstand root rot diseases . While
selecting for red clover plants resistant to root rot caused by Fusarium spp . , Coulman
and Lambert ( 1994) observed that plants with more severely rotted roots had a
tendency to develop more adventitious roots from the crown. When tap roots
completely rot, as may occur with R. solani infection of tomatoes , the survival of a
plant may depend entirely on adventitious root formation . Therefore , !AA-producing
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rhizobacteria may provide a beneficial effect to even severely diseased plants, by
stimulating adventitious root formation and thereby increasing plant survival.

Assessing production of IAA

When large numbers of samples need to be processed, assessment of IAA production
can be costly and time-consuming. Precise measuring and identification of IAA levels
requires extraction of the bacterial culture supernatants, concentration of the extracts,
and separation and identification of the compounds by high-performance liquid
chromatography (HPLC) or gas chromatography (Glickman and Dessaux, 1995) .
However, several alternative, though less precise methods have been developed which
use Salkowski' s reagent to determine IAA production. While the use of this method is
somewhat controversial , it appears to be accepted as a method to qualitatively
determine IAA production. When Crozier et al. , (1988) compared results of a
Salkowski assay with HPLC analysis , they found little correlation between the results.
In contrast, Bric et al., (1991) developed a rapid in situ assay for IAA production and
reported excellent results for qualitative screening of large numbers of bacterial
colonies. In a later examination of several versions of the Salkowski assay for IAA
production, Glickmann and Dessaux (1995) found that Salkowski's reagent is specific
for IAA, indolepyruvic acid (IPyA), and indoleacetamide (IAM) . Both IPyA and IAM
are precursors of IAA in bacterial IAA production, but they are produced by two
different pathways. According to Glickman and D.essaux (1995), IAM synthesis is
genetically linked to IAM conversion to IAA, and therefore mistaking IAM for an
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auxin may not be important. However , they think that !PyA could be confused with
auxin production. In any case, their results "confirmed the effectiveness of the
colorimetric technique as a simple routine assay. "

INTEGRATED CONTROL
While many biocontrol products have been shown to control disease, very few have
been produced commercially. The host/pathogen specificity of many biocontrol
organisms is one limiting factor. It has simply not been economical to develop
biocontrol agents with limited specificity when many chemicals effectively control a
wider range of organisms (Cross and Polenko, 1996). The development of PGPR
formulations and development of integrated PGPR/fungicide treatments , which have
shown a broader host range, may provide some potentially useful biocontrol agents . In
addition to increasing host range, the long-term root colonizing ability of biocontrol
agents may extend the period of disease control beyond that typically found with
chemical treatments alone . It has been shown that some PGPRs are compatible with
traditional fungicide treatments such as , Vitavax RS (lindane , carboxin, and thiram) ,
Epic (iprodione), and captan (Zablotowicz, et al. , 1992) . Treatment of cotton seeds
with B. subtilis strain GB03, following a traditional fungicide treatment, was more
effective than the chemical treatment alone in controlling disease caused by R. solani
(Brannen, 1995). However, combining low levels of fungicide with biocontrol bacteria
may not be more effective than the bacteria used alone (Mathre et al. , 1995).
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Integrating chemicals with BCAs

Many of the experiments with integrated control have paired biocontrol fungi with
fungicides, either as combined treatments or in alternate applications . Jager et al. ,
(1991) combined traditional fungicides with Verticillium biguttatum , a biotrophic
parasite of R. solani, to effectively control sclerotia formation by Rhizoctonia solani on
potato. Control was achieved with 50 to 75 % less fungicide when combined with V.
biguttatum. Harman et al., (1996) showed that treatments with strains of Trichoderma
harzianum alternated with fungicide applications provided excellent control of Botrytis

bunch rot of grape. They concluded that the appropriate use of integrated products
could provide significant control of Botrytis cinerea, significantly reduce the amount of
chemical fungicides used in control , and by reducing selection pressures , slow the
development of pathogen species resistant to fungicides .

Combined BCAs

Combining two or more biocontrol agents as treatments may have additive or
synergistic effects and increase the level of control provided by each used alone . In
growth chamber studies , Gaeumannomyces graminis var. graminis or any of five
Pseudomonas spp . were shown to suppress take-all of wheat. Significantly greater

control of the pathogen was achieved , however , when G. graminis var. graminis was
used in combined treatments with any of the five Pseudomonas spp . Further, a mixture
of four Pseudomonas spp. , as a combined treatment , resulted in greater suppression of
the pathogen than when any species was used alone , and still greater suppression
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occurred when the Pseudomonas mixture was combined with G. graminis var. graminis
as a treatment (Duffy and Weller, 1995) .
When tomato seedlings were pre-treated with Bacillus pumilus SE 34, and then
inoculated with Fusarium oxysporum f. sp. radicis-lycopersici , fungal ingress by the
pathogen was largely limited to epidermal and cortical tissues . However, in untreated
control plants the pathogen invaded deep into root tissues and colonized the vascular
stele (Benhamou et al ., 1998). Inhibition of pathogen invasion was attributed to induced
resistance caused by Bacillus pumilus SE 34. The resistance response was characterized
by the formation of elongated wall appositions and papillae-like appositions near the
sites of fungal ingress , and by the deposition of a polymorphic electron opaque material
in most invaded intercellular spaces. Importantly, the resistance response was even
stronger when chitosan, an extract from the chitin of crustacean shell wastes , was
combined with Bacillus pumilus SE 34 as a treatment. When treated with the bacteria
alone , the polymorphic deposits appeared as a lining along the cell walls . However, in
the combined treatment the deposits were heavier and frequently encased invading
fungal hyphae. In addition, the combined treatment resulted in the formation of larger
wall appositions , which in some cases , developed on the inner surface of invaded cells
and inhibited further spread of the pathogen through epidermal cells (Benhamou et al . ,
1998).
Others have found BCA mixes ineffective . Dandurand and Knudsen (1993) found
that a formulation of Pseudomonas fluorescens strain 2-79RN 10 and Trichoderma

harzianum was no more effective than T. harzianum used alone in controlling root rot
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of pea caused by Aphanomyces euteiches . The P. fluorescens strain provided a lesser
but still significant level of control when used alone , but the formulation had no
additive or synergistic effects . Similarly, when two strains of B. subtilis were combined
with each other and with two known biocontrol fungi , Trichoderma and Gliocladium,
no additive effects were observed in terms of increased plant stand, decreased disease
severity , or increased yield of cotton plants (Brannen and Backman, 1993). The authors
suggested that the lack of improvement in the combined bacterial/fungal treatments
might be due to the inability of Trichoderma and Gliocladium to adequately colonize
cotton in the presence of antibiotics produced by B. subtilis .

FORMULATION AND SHELF LIFE

Formulation and shelf life are two of the most important yet least studied aspects of
biocontrol product development. A strain of Pseudomonas fluorescens developed for
the control of damping-off in cotton seedlings was recently withdrawn due to poor shelf
life (Utkhede, 1996) . Retail tomato seed may be stored for two years or longer before
sale (Dr. Jim Alston, Park Seed, pers . communi.) . While tomato seed produced for
commercial production may have shorter storage times , it must be shown that liquid
formulations of bacterial BCAs can survive the drying process , remain viable during
extended storage, and subsequently proliferate in the host rhizosphere. In a review of
seed treatment technologies , Taylor and Harmon (1990) identified several ways in
which amendments to formulations may enhance or deter their effectiveness; i) food
bases may enhance the initial growth of the selected BCA in soils , but may also serve
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as a food base for the pathogen and be detrimental to disease control, ii) pH control can
give a competitive advantage to the BCA over the pathogen or vice versa , e.g. , the 2 .8
pH of tomato seed leachate was conducive to several Trichoderma spp . used as BCAs ,
but was detrimental to a bacterial BCA (Harman and Taylor, 1988) , iii) seed priming
prior to treatment may enhance the ability of bioprotectants to colonize seed, and iv)
timing is important. Seed coatings may enhance or detract from the speed with which
bioprotectants proliferate in the soil . Ideally the formulation would speed proliferation
of the bioprotectant, while the coating provides a barrier to seed attacking fungi such as
Pythium spp . (Harman and Taylor, 1988).

BCA formulations

The effectiveness of formulations used in bacterial seed treatments may be specific to
the isolate under study and related to the physiological state of the suspension. When
cells of the BCA, Pseudomonas fiuorescens 2-79 , were formulated in 0.5 %
methylcellulose and then suspended in either water or metabolite-bearing spent culture
broth, both the drying survival rate and storage life were affected . Cells in the water
suspensions not only survived drying better, but also remained viable for up to 3 times
longer (Slininger et al., 1996) . Later tests suggested that the loss in viability was not
due to toxic metabolites in the spent culture broth, but to other unidentified broth
ingredients. On the other hand, the effectiveness of Pseudomonas chlororaphis in
controlling net blotch in barley was greatest when the formulation included only the
shake culture grown in tryptic soy broth (Hoke berg et al. , 1997). All other forms of
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treatment, including a peptone water suspension, reduced the disease suppressing
abilities of P. chlororaphis. In addition, the drying survival rate and storage viability of
biocontrol bacteria may be affected by the physiological state of the bacteria at harvest.
Slininger et al., (1996) found that cells harvested at 24 to 48 h had twice the drying
survival rate as cells harvested at 72 to 96 h., but only half the storage life of the older
cells. Finally , formulations may influence seed germination. Germination of seeds
treated with Pseudomonas fluorescens 2-79 in spent culture broth was reduced by 54 %
after six months storage (Slininger et al. , 1996). However, seeds prepared in a water
formulation and stored for six months , had only an 11 % reduction in germination when
compared to control seeds. The reductions in germination following treatment in the
spent culture broth were attributed to toxic metabolites in the broth.

Shelf life of BC As
Several studies have examined the potential of BCAs to retain their disease-suppressing
ability when used as seed treatments . Shah-Smith and Burns (1997) recently examined
the survival, shelf life viability, and shelf life efficacy of the putative BCA,

Pseudomonas putida 40RNF. Several different commercial seed preparations were
tested . When 40RNF was applied as a seed coat to pre-pelleted seed, high initial
concentrations of 40RNF ensured that a predetermined target rate of viable cells
survived the coating process. Storage of film-coated seed pellets for 52 wk, at either
4°C or 18 to 20°C, significantly reduced the viability of bacterial cells, however the
biocontrol efficacy of 40RNF was independent of the number of surviving cells.
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Though the number of viable cells surviving storage was only reduced by one to two
orders of magnitude at 4°C , biocontrol efficacy in control of Pythium damping-off was
reduced by 50%. On the other hand, 52 wk storage at 18 to 20°C reduced cell viability
of 40RNF below detectable limits, yet biocontrol activity was not reduced. The
mechanism(s) by which 40RNF maintained biocontrol activity in the absence of viable
cells is unknown.
When 40RNF was incorporated directly into the pellet material, only 0.1 to 0.2 %
of cells survived the pelleting process . However, the remaining cells maintained their
viability for up to 24 wk of storage at 18 to 20°C , and were sufficient to maintain the
biocontrol activity of 40RNF. Slininger et al., (1996) found that the storage time ,
encapsulating medium, and age of culture at harvest , all influenced the viability of
BCA cells coating seeds, however, they did not affect their disease suppression
abilities . Likewise, after 6 wk of storage at 20°C or 4°C , barley seed treated with

Pseudomonas chlororaphis remained effective in controlling net blotch in barley
(Hoke berg et al. , 1997). In these cases the number of viable cells surviving storage
likely exceeds any threshold below which disease suppression is influenced. It is also
possible that although the number of viable cells was reduced below threshold levels
during seed treatment and storage , significant quantities of anti-fungal metabolites
survived the process , and provided effective biocontrol (Shah-Smith and Burns, 1997).
Storage temperature did affect viability of the granular formulation of Trichoderma in
studies by Dandurand and Knudsen (1993). The Trichoderma on treated seed was
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found to have a shelf life of at least 6 mon when stored at 5°C , however storage for 6
mon at 22°C reduced fungal viability to less than 40 %.
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CHAPfER2
Testing Bacterial Seed Treatments and Soil Drenches for Biological
Control of Rhizoctonia solani on Tomato

INTRODUCTION
The search for alternatives to chemical control of soilborne plant pathogens has led to
extensive testing of potential biological control agents (BCAs). However, efforts to
screen and develop effective organisms have produced inconsistent results. For
example, in some cases in vitro studies have been used to accurately screen potential
biocontrol agents (Kloepper and Schroth, 1981), however , in many cases they cannot
predict the success of BCAs in vivo or in situ (Expert and Digat, 1995; Renwick et al. ,
1991). These inconsistent results are thought to reflect the complex and dynamic
relationships which occur between the host plant, soil and its associated
microorganisms , and the introduced biocontrol agent (Handelsman and Stabb, 1996;
Osburn et al. , 1995). Both the total and the relative number of natural and introduced
soil organisms can change, sometimes dramatically as environmental conditions change
(Benson and Baker, 1974; Kloepper, 1996; Leach , 1947; Ownley et al., 1992). Thus,
BCAs which have been effective in one season may not be effective in other seasons
(Beagle-Ristaino and Papavizas, 1985). However, to be practical and to compete with
chemical control products in the marketplace, BCAs must be effective over a wide
range of environmental and soil conditions (Utkhede, 1996).
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The future use of BCAs also depends on developing practical methods for their
storage and delivery. Seed treatments are very appealing to researchers and
manufacturers because they may provide an economical method of both delivering and
storing BCAs (Taylor and Harman, 1990). On the other hand , soil drenches or other
soil treatments , may provide a means of inundating the soil with large quantities of a
BCA. This may be important because there are indications that minimum, threshold
amounts of BCAs must be introduced to achieve disease control (Expert and Digat,
1995 ; Leeman et al. , 1995). Large seeded plants , such as beans or corn, may have
enough seed surface area to introduce threshold amounts of BCAs through seed
treatment. However, introducing these amounts onto the seeds of smaller seeded plants ,
such as tomato , may not be possible. In these cases it may be necessary to use soil
treatments (Schippers et al. , 1995).
Several researchers have reported success in controlling or inhibiting the growth
of Rhizoctonia solani with biological control strategies (Kloepper, 1991 ; Lewis and
Papavizas, 1985 ; Papavizas et al. , 1962; Pleban et al. , 1995). However, control is
generally achieved through chemical means (McCarter, 1991) . Whatever control
strategy is chosen, it must not only protect plants from R. solani during seed
germination and early seedling development, but also during later stages of plant
development, when R. solani can cause significant cankering and girdling of stems at
the soil line (Agrios , 1988). Under low disease pressure or when conditions are
favorable to the host, it is possible for plants to escape early season damping-off
(Leach, 1947). However, if conditions change and become more favorable to R. solani,
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these same seedlings may be vulnerable to attack. When testing potential BCAs of R.

solani, researchers may therefore wish to assess their efficacy at both stages of plant
development.
In an earlier study, 13 bacterial isolates were selected, that exhibited biocontrol
activity against R. solani in vitro , and controlled R. solani in greenhouse studies with
'Better Boy' tomato seedlings (Smith, 1997; Ownley and Smith, 1998). Eight of the
isolates were endophytes taken from tomato roots and five isolates were selected from
tobacco field soils. Some of the isolates also promoted the growth of greenhouse-grown
tomato plants. In the greenhouse studies , the isolates were tested as seed treatments for
their ability to reduce post-emergence damping-off caused by R. solani, and for their
ability to reduce disease severity on surviving tomato seedlings. They were not tested
for their ability to reduce pre-emergence damping-off.
The objectives of this study were to evaluate several bacterial isolates as seed
treatments for plant growth promotion and control of post-emergence damping-off
caused by R. solani in tomato , and to evaluate these bacterial isolates when applied as
inundative soil drenches.

MATERIALS AND METHODS
Experiment I- Bacterial Seed Treatment Assay

Preparation of bacterial seed treatments. ' Better Boy' tomato seeds were surface

sterilized in 30 % H2 0 2 for 30 min, then placed under a laminar flow hood to air dry.
Thirteen bacterial isolates were retrieved from storage at -80 C and inoculated into 200
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ml of Minimal 3C broth (Handelsman et al. , 1990) in 500-ml Erlenmeyer flasks . The
bacteria were Bacillus spp. , isolates BA19, BA23, BA77, BAlOl , E21 , E61 , E65 ,
E66, E69, E723 , E726, and E727, and a Pseudomonas isolate, BA106. The isolates
were incubated at room temperature (25 to 30°C) with shaking (150 rpm) for 3 days.
The cultures were centrifuged for 15 min at 3,500 rpm in 85-ml centrifuge tubes. The
supernatant was discarded and the bacterial pellet was mixed with 60 tomato seeds and
4 ml of 1 % methyl cellulose (Sigma Chemical Co. , St. Louis, MO) solution. The tubes
were vortexed , then the mixture was poured into sterile petri dishes and air-dried under
a laminar flow hood. Three control treatments were prepared also. Control 1
(Cl MC+) seeds were treated with 4 ml of methyl cellulose, while Control 2 (C2+)
and Control 3 (C3-) seeds were untreated.

Production of Rhizoctonia solani inoculum. Rhizoctonia solani was retrieved from
storage at 4 C and cultured on potato dextrose agar (PDA) which was prepared by
adding 24 g of potato dextrose broth (Difeo Laboratories , Detroit, Ml) , and 15 g of
agar (Sigma Chemical Co., St. Louis , MO) to 1 L deionized water. Plates were
incubated for 3 days at 25 to 30 C, then agar plugs of fungal mycelium were removed
from the plates and added to 500-ml Erlenmeyer flasks containing twice-autoclaved rice
grain medium (100 g long grain white rice in 72 ml deionized water). The fungus was
incubated in the rice medium at room temperature (25 to 30 C) for 12 to 14 days .
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Greenhouse seed treatment assay. The experiment was designed as a randomized
complete block with 16 seed treatments , four replicates of each treatment, and 12 plants
per replicate. The seed treatments were BA19, BA23 , BA77, BAlOl, BA106, E21 ,
E61 , E65, E66, E69, E723 , E726, E727, seeds treated with methyl cellulose
(ClMC+ ), and untreated seed (C2+ and C3-). All seeds were planted in infested soil
except C3- which served as the uninfested control. Plastic (35. 6 cm x 12. 7 cm x 6.4
cm) Jiffy Trays (Hummert International , Earth City, MO) were filled with ProMix-BX
(Premier Horticulture Inc., Red Hill , PA) , and seeds of each treatment were planted in
two rows of six seeds each. A total of 48 seeds (4 replicates x 12 seeds) were planted
for each treatment. Two weeks after planting, a shallow trench was dug between the
planted rows of all trays except the uninfested control (C3-) and 4 g of Rhizoctonia rice
inoculum was spread evenly in each row. The plants were grown for 2 weeks before
disease assessment.
All plants were carefully removed from the growing medium, and the roots
were washed under running water to remove adhering soil. Each plant was weighed ,
measured for height (from crown to tip of most proximal leaf) , and the number of
expanded leaves was determined. Each plant was rated for disease severity according to
lesion presence and size by the following scale: 0 = no symptoms , 1 = lesion < 2.5
mm , 2 = lesion 2.5 to 5.0 mm , 3 = lesion > 5.0 mm , 4 = lesion girdling the
stem, 5

= lesion girdling and constricting the stem ( < 75 %) ,

constricting the stem(> 75%) , and 7

= dead seedling.

6

= lesion girdling and

Data were analyzed with the

General Linear Models procedure using SAS systems software (SAS Institute, Cary,
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NC) . Significant effects were further analyzed with a means separation test (Fisher's-

protected least significant difference). The experiment was conducted twice.

Experiment II- Soil Drench Assay

Preparation of seedlings. Tomato seeds ('Better Boy ') were surface-sterilized in 30%
H2 0 2 , then air-dried under a laminar flow hood . Two 242-cell styrofoam float trays
were partitioned into blocks of 20 cells each , with at least one row of empty cells to
separate the blocks. Fourteen 20-cell blocks were filled with ProMix-BX potting mix.
Each cell was planted with one tomato seed . The trays were placed in a growth
chamber at 22 C and were watered once each day with deionized water.

Preparation of bacteria for soil drenches. Bacterial strains were inoculated into 250-ml
Erlenmeyer flasks containing 50 ml of 20% tryptic soy broth (TSB). The cultures were
incubated at 25 to 30°C on a rotary shaker (150 rpm) for 48 h .. The cultures were
removed from the shaker, poured into 85-ml centrifuge tubes , then centrifuged for 20
min at 3,500 rpm. The supernatant was discarded , and the bacterial pellet from each
culture was resuspended in 25 ml of phosphate buffered saline solution (PBS). An
absorbance (590 nm) reading was determined for each suspension. The absorbance
values of the cell suspensions were adjusted to (0.23 -0.26). The A590 of isolate E66
was very low (0.029) , and was not adjusted. In Trial 1, suspensions of the following

Bacillus isolates were prepared for the soil drenches ; BA23, BA77, BA101 , E21 , E61 ,
E65 , E69, E723, E726, E727, R719 , and E21BA77 (a combined treatment). The
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isolates tested in Trial 2 were BA19, BA77, E21, E65 , E66, E69, E723 , E726, E727,
R719 , R719E21 (a combined treatment). There were two controls in Trial 1, an
infested control (Cl+) , and an uninfested control (C2-). In Trial 2, there were three
controls, a PBS infested control (PBSl + ), an infested control (C2+ ), and an
uninfested control (C3-). Five days after seeding, the planted seeds were drenched with
one of the bacterial suspensions (1 ml of the bacterial suspension per cell). In Trial 1,
the infested control (C-1 +) and the uninfested control (C2-) were drenched with 1 ml
of deionized water. In Trial 2, the PBS infested control (PBSl +) was drenched with 1
ml of PBS solution, while the infested control (C2 +) and the uninfested control (C3-)
were drenched with 1 ml of deionized water.

Production of Rhiwctonia solani inoculum and infestation of soil. Three 500mlErlenmeyer flasks of rice grain inoculum were prepared as described for Experiment I.
The inoculum was removed from the flasks , spread evenly in a plastic tray , covered
with cheese cloth, and allowed to dry overnight at room temperature. The infested rice
grains were ground in a blender and sieved (Shaker No. 18480, CSC Scientific,
Fairfax, VA). Inoculum from the 0.5 to 1-mm fraction was collected for infestation of
the planting mix. Approximately 1 L (160 g) of ProMix-BX (Premier Horticulture
Inc. , Red Hill , PA) was placed in each of 13 small plastic bags. Rice inoculum (1.6 g)
was added to each bag and then thoroughly shaken to make a 1 % (w/w) inoculum-soil
mix. The 13 bags of infested soil were placed in a large plastic tray and mixed with 1 L
of deionized water. The infested soil mixture was incubated overnight at 25 to 30 C.
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On the following day , six 72-cell styrofoam trays were partitioned into 14 2-cell
blocks , with at least one cell left unfilled as a space between treatments. Thirteen 2-cell
blocks were filled with infested soil and one two-cell block was filled with uninfested
soil as an uninfested control. Each of the six trays represented one replicate of each
treatment.

Soil drench greenhouse assay. Fourteen days after seeding, the tomatoes (first leaf

stage) were transplanted from the 20-cell blocks (242 cell trays) to the 2-cell blocks of
the 72 cell trays . The experiment was designed as a randomized complete block with 14
soil drench treatments. There were six replicates of each treatment, with two plants per
replication, for a total of 12 plants per treatment. The 72-cell trays were placed into the
growth chamber at 22 C. The plants were watered once daily with deionized water.
The plants were removed from the trays 21 days after transplanting , and the roots were
washed under running water. Eac.; h plant was measured for height and weight, the
number of leaves were counted, and disease severity was rated on a scale of O to 7 as
described earlier. Data were analyzed with the General Linear Models procedure of
SAS system software (SAS Institute, Cary, NC). Significant effects were analyzed
further with Fisher' s-protected least significant difference test.
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RESULTS
Bacterial seed treatment assay

In Trial 1, the effect of seed treatment was not significant for shoot height (P
0.1811). Significant differences were observed for shoot weight (P

=

= 0.0630) , number

of leaves per plant (P = 0.0110), and disease severity (P = 0.0001). However, the
differences were due primarily to the greater shoot height and number of leaves, and
reduced disease rating of the uninfested control (C3-) plants (Table 2-1). There were no
significant differences in shoot weight and number of leaves between the infested
control and the uninfested control. Treatment with E21 and BA77 reduced shoot weight
by 39 and 34 %, respectively, compared with the infested control (C2 +). Plants from
seed treated with E21 also had significantly fewer leaves (20 %) than the infested
seedlings. However, treatment with E21 also resulted in plants with a significantly
lower disease ratings than the infested control.
In the second trial , there were significant differences in shoot height (P
0.0594) , shoot weight (P
disease rating (P

=

= 0.0024) , number of leaves per plant (P = 0.0001) , and

= 0.0001).

Plants in the infested control treatment were significantly

shorter, reduced in mass, had fewer leaves , and higher disease ratings than the
uninfested control plants (Table 2-2). However, as in Trial 1, there were few
differences between bacterial seed treatments and the infested control (C2+ ). Plants
treated with isolates BA 77, BA 106, E21, E69, or E727 had significantly lower disease
ratings than the infested control plants. Treatment with either E21 or BA106 increased
the number of leaves per plant by 19 % and 8 %, respectively.
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Table 2-1 . Effect of bacterial seed treatment on tomato seedling growth and disease
rating caused by Rhizactonia solani, Trial 1.
Treatment

Disease ratingc

BA19

Shoot height
(cm)

24.8

Shoot weight
(g)
7.0 bb

Number of leaves
per plantb
5 .2 abc

(0-7)"
4.5 ac

BA23

25.6

7.0 b

4.8 bed

4.2 abc

BA77

22.4

5.0 cd

4.5 de

4.1 abc

BA101

24.9

6.6 bed

4.6 bcde

4.3 ab

BA106

25.8

7.7 ab

5.0 abed

4.2 abc

E21

22 .2

4.7 d

4.1 e

3.6 C

E61

23.2

5.8 bed

4.7 bed

4.2 abc

E65

27 .3

7.2 b

5.1 abc

4.1 abc

E66

26.7

7.0 b

4.9 abed

3.9 abc

E69

24.7

5.8 bed

4.6 cde

4.1 abc

E723

23.63

6.2 bed

4.6 cde

4.3 ab

E726

26.1

7.1 b

5.0 abed

3.8 be

E727

26.2

6.7 be

4.9 abed

3.7 be

ClMC+d

26 .0

6.4 bed

4.9 abed

4.2 abe

c2 +e

28.4

7.7 ab

5.1 abed

4.3 ab

c3_r

30.3

9.4 a

5.4 a

0 .2 d

0.65
LSD
1.98
0 .58
NS 8
• Disease rating was measured on a scale of 0 = no symptoms , 1 = lesion < 2.5mm, 2 = lesion 2.5 to
5.0 mm , 3= lesion > 5.0 mm, 4 = lesion girdling the stem, 5 =lesion girdling and constricting the
stem ( < 75%) , 6 = lesion girdling and constricting the stem ( > 75%) , and 7 = dead seedling.
b Within each column, means followed by the same letter were not significantly different according to a
Fisher's-protected least significant different test at P =0.10.
c Within each column, means followed by the same letter were not significantly different according to a
Fisher's-protected least significant different test at P =0 .05.
d Seed treated with methyl cellulose and planted in soil mix infested with R. solani .
Untreated seed planted in soil mix infested with R. solani .
r Untreated seed planted in uninfested soil mix.
8 Not significant
0

49
Table 2-2 . Effect of bacterial seed treatment on tomato seedling growth and disease rating
caused
Rhizoctonia solani, Trial 2 .

hr

Treatment

Shoot height
{cm)

Shoot weight
(g)

Number of leaves
eer elant

Disease rating
{0-7t

BA19

26.1 bcb

4.1 bcdb

4.4 def'

4.9 abedeb

BA23

26.8 be

4.0 bed

4 .5 cdef

5.40ab

BA77

25 .6 be

4.1 bed

4.5 cdef

4 .5 de

BAlOl

27.0 be

4.4 bed

4.5 cde

5.5 ab

BA106

27 .2 b

5.0 b

4.8 be

4 .3 e

E21

27.3 b

4.5 be

5 .3 a

4 .5 cde

E61

26.2 be

4.3 bed

4.5 cde

5.0 abcde

E65

26 .9 be

4.2 bed

4.5 cdef

5.0 abed

E66

26.8 be

4.1 bed

4.4 ef

5.4ab

E69

26.3 be

4.2 bed

4.5 cdef

4 .9 bcde

E723

26 .9 be

4.9 be

4.7 bcde

5.4 ab

E726

27 .0 be

4.6 be

4.8 bed

5.2ab

E727

24 .6

3.3 d

4 .2 f

4.9 bcde

ClMC+c

27 .2 b

4.0 cd

4 .4 def

5.1 abc

C2+d

27.9 b

4.3 bed

4.4 def

5.5 a

C3-0

31.7 a

6.2 a

5.0 ab

0.0 f

C

1.04
0.35
0.64
3.09
LSD
• Disease rating was measured on a scale of 0 = no symptoms, l =lesion < 2.5 mm, 2 = lesion 2.5 to 5.0
mm, 3 =lesion> 5.0 mm, 4 = lesion girdling the stem, 5 = lesion girdling and constricting the stem(<
75%), 6 = lesion girdling and constricting the stem(> 75%), and 7 = dead seedling.
b Within each colwnn, means followed by the same letter were not significantly different according to a
Fisher's-protected least significant different test at P =0.05 .
c Seed treated with methyl cellulose and planted in soil mix infested withR. solani.
d Untreated seed planted in soil mix infested with R. solani.
• Untreated seed planted in uninfested soil mix.

50

Bacterial soil drench assay

In the first trial , there were no significant differences in shoot height or disease rating
among the treatments. However, there were significant differences in shoot weight (P

= 0.0001) and number of leaves per plant (P = 0.0271).

Plants treated with BA 77,

BA101 , E21 , E69, E727, R719 and E21/BA77 had greater shoot weight than either the
infested control or the uninfested control (Table 2-3). The significant weight increase
ranged from 47 to 71 %. Also, plants treated with E21 had 17% more leaves than the
infested control.
In the second trial, there were significant differences in shoot height (P
0.0005) , shoot weight (P
rating (P

= 0.0002).

= 0.0001),

number of leaves (P

=

= 0.0020), and disease

There was also a difference between the shoot weight of plants in

the two infested controls (Table 2-4). The ClPBS+ infested control was 29% greater
in weight than the untreated infested control (C2+ ). None of the plants from bacterial
seed treatments were significantly taller than the C 1PBS+ infested control. However,
plants treated with E723 were significantly shorter than plants treated with either of the
infested controls. Compared to the C2+ infested control , treatment with E21 , E66,
E727, or R719 , significantly increased the weight of plants , but not when compared to
the CIPBS+ control. Treatment with isolates BA19, E69, and E726 decreased the
weight of plants when compared to the ClPBS+ control, however they were not
significantly different from the C2 + control. Only E723 treatment significantly
reduced plant weight when compared to the C2 + control. Although there were
differences among bacterial treatments, there were no treatments that differed in the
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Table 2-3. Effect of bacterial soil drench on tomato seedling growth and disease rating
caused by Rhizoctonia solani, Trial 1.
Treatment

Shoot height
(cm)

Shoot weight3
(g)

Number of leaves
per plantb

(0-7)3

BA23

17.0

1.3 def'

3.8 db

1.2

BA77

18.4

1.7 a

4.3 abc

0.9

BA101

18.4

1.7 a

4.3 abc

0.5

E21

17.9

1.6 ab

4.5 a

0.8

E61

17.5

1.4 bcde

4 .1 abed

0.8

E65

16.6

1.4 bcde

3.9 bed

2.1

E69

18.6

1.5 abed

4.2 abed

1.8

E723

18.0

1.3 cdef

3.8 cd

2.1

E726

17 .7

1.3 bcde

3.8 d

2.0

E727

17.9

1.5 abed

4.1 abed

1.3

R719

17.6

1.6 abc

4.3 ab

2.2

E21BA77

18.3

1.5 abed

4.2 abed

1.0

Cl+ c

16.0

1.0 f

3.8 cd

2.1

C2-d

17 .1

1.1 ef

3.9 bed

0.1

Disease rating

0.29
0.45
NS
NS 0
LSD
• Disease rating was measured on a scale of 0 = no symptoms, 1 = lesion < 2.5 mm , 2 = lesion 2.5 to
5.0 mm , 3 = lesion > 5.0 mm, 4 = lesion girdling the stem, 5 = lesion girdling and constricting the
stem ( < 75 %) , 6 = lesion girdling and constricting the stem ( > 75%) , and 7 = dead seedling .
b Within each column, means followed by the same letter were not significantly different according to a
Fisher's-protected least significant different test at P =0.05 .
c Soil mix infested with R. solani, otherwise untreated.
d Soil mix not infested with R. solani , and not treated.
• Not significant.
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Table 2-4 . Effect of bacterial soil drench on tomato seedling growth and disease rating
caused by Rhizoctonia solani, Trial 2.
Treatment

Shoot height
(cm)

Shoot weight"
(g)

Number of leaves
per plant

(0-7)"

BA19

21.6 bcdb

2.2 bcb

4.6 abb

4.2 ab

BA77

21.3 bed

2.3 abc

4.6 ab

2.6 be

E21

22.1 ab

2.4 ab

4.6 ab

2.5 be

E65

21.8 be

2.3 abc

4.7 ab

3.5 ab

E66

21.3 bed

2.6 a

4.8 a

2.4 be

E69

20.0 de

2.1 e

4.8 a

1.7

E723

19.0 e

1.6 d

3.7 e

2.2 be

E726

20.5 ede

2.2 be

4.5 ab

3.0 abc

E727

21 .5 bed

2.6 a

4.8 a

2.7 be

R719

21.2 bed

2.4 ab

4.4 ab

2.3 be

R719E21

21.5 bed

2.3 abe

4.8 a

2.3 be

ClPBS+ c

22.0 abe

2.6 a

4.7 ab

1.8 e

C2+d

20.6 bed

2.0 e

4.2 be

1.7 e

C3-0

23.4 a

2.6 a

4.4 ab

0.0 d

LSD

1.59

0.33

0.51

1.40

Disease rating

C

• Disease rating was measured on a scale of O = no symptoms, 1 = lesion < 2.5 mm , 2 = lesion 2. 5 to

5.0 mm, 3 = lesion > 5.0 mm , 4 = lesion girdling the stem , 5 =lesion girdling and constricting the
stem ( < 75 %) , 6 = lesion girdling and constricting the stem ( > 75 %) , and 7 = dead seedling.
b Within each column, means followed by the same letter were not significantly different according to a
Fisher' s-protected least significant different test at P =0 .05 .
c Soil drenched with phosphate buffered saline (PBS) and infested with R. solani .
d Soil mix infested with R. solani , otherwise untreated .
• Soil mix not infested with R. solani, and not treated .
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number of leaves per plant from both C 1PBS+ and the C2 + infested control
treatments. Two bacterial treatments, BA19 and E65, resulted in significantly greater
disease ratings when compared to C2 + or C 1PBS+. The mean disease rating was 3 .5
for E65 and 4.2 for BA19, while the ratings for the infested controls were 1.7 and 1.8
for the C2+ and ClPBS+ treatments , respectively.

DISCUSSION

Two different methods of introducing the bacterial isolates were tried in these
experiments, however, the results were not comparable to those reported earlier
(Smith, 1997). For example, Smith (1997) reported that when compared to the infested
control , seed treatment with isolates E726 and E723 increased tomato seedling shoot
height by 92% and 177% , respectively. In the present study, neither E723 or E726
significantly increased plant height. In contrast, E723 treatment decreased height by
8 % in the second soil drench trial. Overall , although there was evidence in this study
that treatment with the isolates may decrease disease severity caused by R. solani and
increase the growth of tomato seedlings , there was equal or greater evidence to suggest
that these isolates may increase disease severity and decrease plant growth. The only
trial in which there was strong evidence of growth enhancement by the bacterial
treatments was in the first soil drench trial. However, results from Trial 2 suggest that
the growth enhancement was due to the PBS in the bacterial suspension, and not to the
bacteria.
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It is not clear why the results are so inconsistent, however, several examples
serve to illustrate the inconsistencies. Although isolate E21 reduced disease severity in
both seed treatment trials, the reduction was small , and only in comparison to the
untreated infested control (C2+ ). Treatment with E21 did not reduce disease severity
when compared to the methyl cellulose-treated , infested control (Cl MC)+ . Also, E21
did not reduce disease severity in both trials of the soil drench assay. Similarly, seed
treatment with BA 77 reduced disease severity of plants in Trial 2, but not in Trial 1 or
in either trial of the soil drench assay . These results reflect the general inconsistency
often associated with biological control treatments under variable environmental
conditions. The seed treatment trials were conducted in a very warm spring under
highly variable greenhouse conditions. Daytime temperatures occasionally reached 40 C
in the greenhouse on warm sunny days , but were significantly less on other days. It is
not known how the bacterial isolates responded to the high temperatures or to the
fluctuations in temperatures. However, temperature may be an important factor in the
relationship between R. solani and specific hosts (Leach, 1947). At 19 C, R. solani
infection significantly reduced the root and shoot growth of cotton plants , but not at
28 C (Brown and McCarter, 1975). The high temperatures in the greenhouse of this
study may have had a similar effect on these results , and may help explain why there
were few differences between the some of the control treatments. Another study by
Brown and McCarter (1976) reported that after 90 days of growth, lesion severity made
no significant difference in the plant height or dry root weight of some cotton cultivars.
In both tests , there was little environmental stress , and conditions were generally more
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favorable to the cotton plants than to R. solani. Under these conditions , it may be
difficult to assess the effectiveness of biocontrol agents, as there may be few
differences between the treatments. In the seed treatment tests reported here, there was
also substantial adventitious root development, both in and around the cankers . These
supplemental roots may have developed in response to the wounding , and probably
reduced the effects of the disease on plant growth and development. Coulman and
Lambert (1995) observed a similar response in red clover while screening plants for
resistance to Fusarium root rot.
The reductions in plant height and weight associated with some of the bacterial
treatments has been reported in other studies. In earlier work with Bacillus spp. ,
Broadbent et al. (1977) found marked differences in germination, growth , and yield of
bedding plants grown from seed treated with bacteria. In their tests , some bacterial
treatments promoted germination, growth , and yield of some plant species, however,
they significantly inhibited germination, growth , and yield of others. It has been
suggested that some introduced bacteria promote growth by inhibiting other nonparasitic minor pathogens. For example, after germinated tomato seeds were treated
with suspensions of fluorescent Pseudomonas spp., plants exhibited increased growth in
non-solarized soil , but not in solarized soil (Gamliel and Katan, 1993). The authors
concluded that the increased growth was due to suppression of the minor pathogen

Penicillium pinophilum. Kloepper and Schroth (1981) also concluded that some plantgrowth-promoting rhizobacteria (PGPR) work by antibiosis and subsequent
displacement of potentially deleterious microorganisms. However, if the introduced
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organisms fail to displace the minor pathogens , they will provide little or no growth
promoting effect. It is also possible that the introduced bacteria may themselves act as
minor pathogens or deleterious microorganisms to specific plants, under specific
environmental conditions.
The failure of these isolates to effectively suppress disease or promote growth
may have other causes. The bacteria may have failed to colonize the tomato roots in
sufficient numbers . Colony counts from dilutions of seed treated with bacteria were
very inconsistent and could not be used as reliable indicators of seed colonization. In
addition , it is known that tomato seed are often treated with HCl during extraction
which may significantly reduce seed surface pH (Taylor and Harmon , 1990). When
tomato seed were pretreated by solid matrix priming in a bituminous coal carrier (pH
6. 6) , the efficacy of Enterobacter cloacae as a BCA was much improved (Harman and
Taylor , 1988). The pH of ' Better Boy ' tomato seed leachate was very low in this study,
between 2.1 and 2.3 , which could deter bacterial colonization. Mahaffee and Backman
(1993) tested the ability of acid delinted cotton seed to support colonies of Bacillus

subtilis, and found spermosphere populations of neutralized seed populations to be 5 to
10 times greater than non-neutralized seed. These lower spermosphere populations
resulted in lower populations colonizing the emerging radicle. However , no significant
differences could be found in rhizosphere populations two weeks later. These results
concur with those of Bauske et al. (1997) who tested the ability of ten PGPRs to
colonize the rhizosphere of neutralized and non-neutralized cotton seed, and found no
significant differences between the populations at 10 to 12 days. The researchers did
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not test colonization of the spermosphere or radicle. The effect of seed pH on
colonization and disease control may therefore depend on the aggressiveness of the
pathogen involved. If the attacking pathogen is a rapid grower such as Pythium or

Rhizoctonia, the seed pH and early colonization may be critical. However, for slower
growing pathogens it may not be as important.
The problem of root colonization should have been overcome in the second
experiment when the bacteria were inundatively applied through a soil drench. A
majority of the bacterial isolates used in this study were endophytes taken from tomato.
It was expected that they would readily colonize the tomato seedlings. However, the
bacteria were not applied until 5 days after seed planting which may have allowed the
seeds to be rapidly colonized by other soil microflora. It has been shown that internal
colonization of plant tissues may be important to the success of some biocontrol
bacteria, and that colonization can be strongly influenced by the presence of other
bacteria competing for the same ecological niche (Quadt-Hallman et al. , 1997). If this
is true, then even massive introductions of biocontrol bacteria may not replace
established colonists , and the effectiveness of the biocontrol bacteria would be limited.
In addition , though the soil drenches may have inundated the soil with bacteria, the
quantity of actual spermosphere and radicle colonists was not determined and may have
been limited by the low surface pH of the seed. As suggested by Mahaffee and
Backman (1993) , this may have limited subsequent rhizosphere colonization and
reduced the effectiveness of the bacteria.
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Eight of the thirteen isolates used in this study inhibited the in vitro growth of

R. solani (Smith , 1997). Growth inhibition was attributed to antibiosis. A number of
studies have indicated that antibiotic production by biocontrol bacteria can be strongly
influenced by culture medium and environmental conditions. For example, the culture
medium and mineral amendments used to grow the biocontrol bacterium, Bacillus

cereus UW85 , can significantly change the quantity of zwittermicin A which is
produced (Milner et al. , 1995). In vitro , both Bacillus subtilis CL27 and Bacillus

pumilus CIA5 exhibit similar activity against Botrytis cinerea. However, in a seedling
bioassay, B. pumilis CIA5 completely lost its effectiveness against B. cinerea, while B.

subtilis CL27 remained as effective as the chemical control. The loss of effectiveness of
B. pumilis CIA5 was clearly associated with a lack of antibiotic production in the
culture media (Leifert et al. , 1995). Further, it was determined that the two BCAs
produced different antibiotics , whose activity varied appreciably with changes in the pH
of the culture medium. The antibiotics of B. subtilis CL27 were found to be active over
a much broader pH range, than those of B. pumilis. Similarly, the environmental
and/or cultural conditions of this experiment may not have been conducive to
production of sufficient antibiotics to achieve biocontrol. It is possible that under
different experimental conditions the isolates would have greater antibiotic activity , and
would have been more effective.
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CHAPTER3
Effect of Tomato Cultivar on Biocontrol Activity of Selected Bacterial
Isolates Against Rhizoctoia solani

INTRODUCTION

Host specificity can refer to several different relationships which may occur between
host, pathogen, and plant-growth-promoting rhizobacteria (PGPR). Most often, host
specificity refers to the specificity that pathogens have for their plant hosts. The term
may also refer to the relationship between plant pathogen and PGPR. Even though
pathogens are not functionally the hosts of PGPRs, this usage refers to the species or
even strain-specific ability of some PGPRs to control specific pathogens. A third usage
refers to the specificity that biocontrol agents have for the plant hosts they protect. The
specificity which a PGPR has for some plant hosts may have several causes, including,
i) PGPRs may preferentially colonize the roots of some plant species or even cultivars
more effectively than others. Handelsman and Stabb (1996) refer to this has ' host
hospitality' . In addition, ii) PGPRs may produce antibiotics or growth-promoting
compounds in response to stimuli produced by specific hosts but not others , and iii)
PGPR may stimulate the plant to produce protective substances or growth hormones
(Kloepper, 1996).
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To function as effective biocontrol agents , PGPR must have the ability to
colonize host roots (Kloepper, 1996). Yet, it is not clear whether they must colonize
roots at high levels to be effective. Handelsman and Stabb (1996) argue that the initial
root population density or extent of root colonization of BCAs is often not correlated
with effective biocontrol. However, PGPR must colonize the roots at a minimum level ,
and there is some evidence that a threshold level of bacteria is required for protection to
occur. This threshold may be required in some host/pathogen/PGPR relationships , but
not in others. For example, Pseudomonas fluorescens strain WCS374 has been shown
to induce resistance to Fusarium wilt of radish , but only when applied directly to the
roots in talcum or peat, and only when the initial inoculum densities were greater than 1
x 105 colony forming units (cfu)/g of talcum. When WCS374 was applied as a soil
drench , which in effect dispersed the bacteria, or when WCS374 was applied in talcum
at lower inoculum densities , it did not significantly reduce Fusarium wilt in radish
(Leeman et al. , 1995). For effective biocontrol to occur, plants must be somewhat
hospitable to PGPR, and when season long protection is required , the hospitality must
last through the growing season. Pseudomonas putida strain TIS was only effective in
controlling Sclerotinia wilt of sunflower when at least 1 x 106 antagonistic bacteria
became established in the spermosphere, and then successfully colonized the rhizoplane
(Expert and Digat, 1995) . Although increases in initial inoculum density significantly
increased the biocontrol achieved with TIS , these increases did not increase the quantity
of bacteria which eventually colonized the roots. Pseudomonas putida strain 89B-27
and Serratia marcescens strain 90-166 were tested on four cucumber cultivars for their
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ability to colonize the roots, and to induce resistance to anthracnose caused by

Colletotrichum orbiculare. Induced resistance was cultivar specific, however , there
were no cultivar specific differences in the level of root colonization by the two
bacterial strains (Liu et al., 1995). These results support the contention of Handelsman
and Stabb , (1996) that high levels of root colonization by PGPR are not necessarily
correlated with increased disease control.
The composition of soil microflora is probably much more complex than
previously thought. Many soilborne organisms have gone undetected due to deficiencies
in the media used to culture them. Although the entire composition of the soil
microflora associated with the roots of a host plant may not be known, introduced
organisms can be monitored and the changes that occur in some of the more common
species can also be determined. The composition of the soil microflora is dynamic. It
changes in response to changes in environmental conditions or the plant host species
which abide there. It has been known for some time that even small changes in the
genome of a given plant species can significantly change the bacterial population
associated with the rhizosphere of that particular plant. For example, when
chromosome 5B of the susceptible spring wheat cultivar Rescue, was substituted for the
5B chromosome in the resistant cultivar Cadet, there was a loss of resistance in Cadet.

The chromosome substitution was accompanied by significant changes in the bacterial
rhizosphere populations of 'Cadet' (Neal et al ., 1973). Though no direct link has been
established between changes in the microbial population and loss of resistance in
' Cadet', the authors suggest there may be a causal relationship. Other cultivar
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differences may have little or no impact on microbial populations. Substitution of the
5B related chromosome, 5D, in 'Cadet' with 5D from ' Rescue', had no impact on the

rhizosphere microbial population. It has been proposed also that roots have a carrying
capacity for bacteria in general , and perhaps , a capacity for specific groups or species
of bacteria (King and Park, 1996). This concept of a root 'carrying capacity' for
biocontrol bacterial is closely allied with the ' host hospitality ' concept of Handelsman
and Stabb (1996) and suggests that the ecological niche that roots provide for specific
biocontrol bacteria is limited.
Several strains of fluorescent pseudomonads have been shown to increase the
growth of tomato plants in nonsolarized soil , but not in solarized soil (Gamliel and
Katan , 1993). The growth promotion in nonsolarized soil likely occurs through
suppression of minor soilborne plant pathogens. Fluorescent pseudomonads may be
particularly effective as suppressors of minor pathogens because they may effectively
colonize not only the rhizosphere, but also root tissues (Gamliel and Katan, 1993). In
these cases , ' host hospitality' is particularly important to growth promotion by PGPRs.
In other cases, growth promotion has been attributed to bacterial production of growth
promoting substances, and may involve other host specific attributes. Of these
substances , indole-3-acetic acid (IAA), its precursors , and other associated compounds ,
are most often associated with plant growth promotion by bacteria. Blackcurrant
cuttings respond differently to treatment with an !AA-producing strain of P.

fluorescens , BSP53a, than to treatment with an !AA-overproducing recombinant strain,
P. fluorescens strain BSP53a (pEM5). The recombinant strain increased the fresh
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weight of roots (57%) , the cutting length (11 %) , and the cutting thickness (15%)
(Dubeikovsky et al. , 1993) , while treatment with the wild-type strain had no significant
growth promoting effect on the cuttings. In contrast, when sour cherry cuttings were
treated with the same two strains, the recombinant strain decreased the fresh weight of
roots (45%) , cutting length (10%) , and cutting thickness (7% , not significant). It is not
known whether the observed effects were related to greater sensitivity of sour cherry to
IAA , or to the fact that sour cherry was a better host to the bacterial strains, and by
hosting more colonies was thus subject to an overabundance of IAA. Similarly, the
growth responses of crested wheatgrass , ryegrass , and white clover to treatment with

Bacillus polymyxa was host specific (Holl et al. , 1988). The treatment increased the
root and total plant biomass of white clover and crested wheatgrass , while it slightly
decreased the growth of perennial ryegrass. Growth promotion was attributed to
bacterial production of IAA-like substances , and was mimicked in white clover by
treatment with synthetic IAA.
Additional clues to the role of host specificity in plant responses to biocontrol
bacteria have come from work with mutant and recombinant strains of P. fluorescens
strain CHAO. Strain CHAO synthesizes the antibiotic metabolites , hydrogen cyanide,
2, 4-diacetylphloroglucinol (Phi) , and pyoluteorin (Ptl)) . Strain CHAO effectively
controls damping-off and root rot caused by Pythium ultimum on cucumber, wheat, and
cress (Maurhofer et al. , 1994). Production of Ptl by strain CHAO is important in
protecting cress from Pythium ultimum, but not important to protection of cucumber.
Mutants deficient in pyoluteorin production still protect cucumber from P. ultimum
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(Maurhofer et al. , 1994). The same authors found that a recombinant Ptl-overproducing
strain of CHAO, CHAO/pME3090, had host specific responses to several plant species
(Maurhofer et al., 1995). When compared to the wild-type strain, the recombinant
strain provided increased protection to cucumber from Fusarium oxysporum f. sp.

cucumerinum and Phomopsis sclerotiodes, however it did not increase protection of
wheat from P. ultimum or Gaeumannomyces graminis var. tritici. In addition, the
recombinant strain was phytotoxic to tobacco and sweet corn. The authors concluded
that the increased disease suppression by the recombinant strain resulted from a hostinduced response , and was not a result of pathogen sensitivity to the biocontrol agent.
The culture medium of the bacterial inoculates can affect their biocontrol and
growth-promoting activity. Some of the secondary metabolites produced by biocontrol
bacteria may be phytotoxic to plants and can inhibit seed germination (Slininger et al. ,
1996). In other cases, metabolites in the broth may be a source of beneficial antibiotics.
For example, Milner et al. (1995) used the biocontrol bacterium, Bacillus cereus
UW85 , to explore the effects of culture conditions on production of the antibiotic
zwittermicin A. Maximum production of zwittermicin A occurred after sporulation (96
h) in tryptic soy broth cultures supplemented with FeCl 3 • In addition, the greatest
disease suppression of damping-off on alfalfa occurred when culture conditions
optimized production of zwittermicin A.
The objectives of this study were to test three commercial tomato cultivars to
determine if they exhibited any host specific responses to several selected bacterial
isolates , to test the bacterial isolates for control of pre-emergence damping-off of
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tomato seedlings caused by R. solani , and to determine if the bacterial culture medium
had an effect on plant growth promoting or disease control potential of the bacterial
isolates.

MATERIALS AND METHODS
Bacterial isolates

Three bacterial isolates were selected for in this study. The selection of isolates was
based on results from the in vitro antibiosis work and the in situ work of Smith (1997) ,
and from the results of the two previous experiments reported in this thesis (Chapter 2) .
The selected isolates, BA77, BA101 , and E726, had either , excellent results in one
experiment, or somewhat consistent results over a range of experiments.

Production of Rhizoctonia solani inoculum

Plugs of R. solani fungal mycelium were taken from 2-wk-old cultures grown on potato
dextrose agar (PDA) and transferred to fresh PDA plates. After three days growth ,
plugs of agar with fungal mycelium were removed from the PDA plates and added to
500-ml Erlenmeyer flasks containing twice-autoclaved rice grain medium (100 g long
grain white rice in 72 ml deionized water). The fungus was cultured in the rice medium
at room temperature (25 to 30 ° C) for 10 days .
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Preparation of bacteria for soil drenches
Cultures of Bacillus isolates, BA77, BAlOl, and E726 were retrieved from -80 ° C
storage and were inoculated onto tryptic soy agar (TSA) , then incubated at room
temperature (25 to 30° C) for 2 days. The bacterial lawns were flooded with sterile
water and the bacterial cells were scraped loose with a sterile loop. The bacterial
suspensions were removed and inoculated into sterile 2-L culture flasks containing 900
ml of 25 % tryptic soy broth (TSB). The cultures were incubated at 25 to 30°C on a
rotary shaker at 180 rpm. After 48 h, one-half (450 ml) of each culture was carefully
poured into a separate, sterile 1-L Erlenmeyer flask for the TSB soil drenches. The
remaining half (450 ml) of each culture was poured into 85-ml centrifuge tubes (50 ml
per tube) and centrifuged for 20 min at 3,500 rpm. The supernatant was discarded and
the bacterial pellet in each tube was resuspended in 50 ml of deionized water. The
bacterial suspensions were poured into individual sterile 1-L Erlenmeyer flasks for use
as the aqueous soil drench.

Infestation of soil with R. solani
The cultured rice inoculum was removed from the flasks and spread evenly on three
brass sieves. The sieves were covered with cheesecloth and allowed to dry overnight at
room temperature. A full 24 h was required for complete drying. On the following day,
the rice grain inoculum was ground in a blender and sieved in an electric shaker
(Shaker No. 18480, CSC Scientific, Fairfax, VA). Rice grain inoculum from the 1 to 2mm fraction was collected for infestation of the planting mix. Approximately 2L (320
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g) of ProMix-BX (Premier Horticulture Inc. , Red Hill , PA) was placed in each of 16
small plastic bags. Rice inoculum (6.4 g) was added to each bag and then thoroughly
shaken to make a 2 % (w/w) inoculum/soil mix. Two additional bags were set aside for
use as the uninfested control. The bags of infested soil were placed in a large plastic
tray , 8 bags at a time, and evenly mixed with 2L of tap water.

Seedling assay

The infested soil mix was placed into cells of 12 10-cell plastic trays. Three 10-cell
trays were filled with soil for the uninfested control. Five trays were planted with one
of three tomato cultivars. Five seeds were planted per cell , for a total of 50 seeds per
tray and 750 total seeds. The experiment was designed as a 5 x 3 x 2 factorial with 5
soil treatments , 3 tomato cultivars, and 2 drench treatments. The experiment was
arranged as a split-split plot with soil treatment as the main plot, tomato cultivar as the
subplot and drench treatment as the sub-subplot. Each treatment combination was
replicated five times with 5 observations (plants) per replicate. The soil treatments were
BA77, BA101 , E726, untreated infested control (Cl+), and an untreated uninfested
control (C2-). The drench treatments included isolates in TSB or isolates re-suspended
in water. The infested (C 1 +) and uninfested (C2-) controls were treated with tap water
or freshly prepared TSB. The tomato cultivars were Celebrity, Mountain Pride, and
Mountain Spring. The trays were placed on a greenhouse bench and watered once per
day.
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Stand counts were recorded 21 days after seeding. The surviving plants were
then removed from their cells and the roots were thoroughly washed under running tap
water. The fresh weight, plant height (crown to tip of most proximal leaf) and disease
rating (0 to 7) were measured and recorded. Each plant was rated for disease severity
according to lesion presence and size by the following scale : 0 = no symptoms, 1 =
lesion < 2.5 mm, 2

= lesion 2.5 to 5.0 mm,

girdling the stem, 5

= lesion girdling and constricting the stem ( <

3

= lesion >

girdling and constricting the stem ( > 75 %) , and 7

5.0 mm, 4

= lesion

75%) , 6

= lesion

= dead seedling . The experiment

was repeated once. Data were analyzed with the General Linear Models procedure of
SAS systems software (SAS Institute. , Cary, NC) . Significant effects were further
analyzed with a means comparison test (Fisher' s-protected least significant difference
test at P

= 0.10 or 0.05).

RESULTS
Effect of soil treatment

The effect of soil treatment was significant for shoot height, shoot weight, and plant
stand at P = 0.0001 in both trials. The effect of soil treatment was significant for

disease rating (P

= 0.0001) only in Trial

1. The significant effects of soil treatment

were due primarily to differences between the uninfested control (C2-) and all other
treatments. Untreated plants in soil infested with R. solani (Cl + ) were 28 to 31 %
shorter than the uninfested control plants (C2-) (Table 3-1, 3-2). In Trial 1 (Table 3-1),
treatment with isolate BAlOl significantly increased tomato seedling height by 7.6 %,
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Table 3-1. Effect of soil treatment on plant growth, disease rating , and plant stand,
Trial 1.a
Treatment

Shoot height
(cm)

Shoot weight
(g)

(0-7t

Disease rating

Plant stand

BA77

7.8 cc

0.23 cdc

4.0 ac

42.0 cc

BA101

8.5 b

0.28 b

3.2 b

63 .3 b

E726

6.9 d

0.19 d

3.4 ab

64 .0 b

7.9 C

0.26 be

3.2 b

55 .3 be

11.4 a

0.46 a

0.3 C

84.0 a

c2-·

%

LSD
0.59
0.68
13.42
0.05
• Means derived from combined values of all three tomato cultivars and both drench treatments .
b Disease rating was measured on a scale of 0 = no symptoms , 1 = lesion < 2.5 mm, 2 = lesion 2.5 to
5.0 mm, 3 = lesion > 5.0 mm, 4 = lesion girdling the stem, 5 =lesion girdling and constricting the
stem ( < 75 %), 6 = lesion girdling and constricting the stem ( > 75 %), and 7 = dead seedling .
c Within each column, means followed by the same letter were not significantly different according to a
Fisher' s-protected least significant different test at P = 0 .05.
d Untreated control planted in soil mix infested with Rhizoctonia solani.
' Untreated control planted in uninfested soil mix.

Table 3-2. Effect of soil treatment on plant growth and plant stand, Trial 2.a
Treatment

Shoot height
(cm)

Shoot weight
(g)

Plant stand

BA77

4.5 bb

0.07 Cb

32 .7 bb

BAlOl

4.7 b

0.08 C

41.3 b

E726

4.3 b

0.07

C

42.7 b

Cl + c

4.8 b

0.10 b

36 .7 b

6.7 a

0.20 a

88.7 a

%

11 .25
LSD
0.05
0.02
• Means derived from combined values of all three tomato cultivars and both drench treatments .
b Within each column, means followed by the same letter were not significantly different according
to a Fisher's-protected least significant different test at P = 0.05 .
c Untreated control planted in soil mix infested with Rhizoc10nia solani.
' Untreated control planted in uninfested soil mix.
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when compared to the infested control, however, the same effect was not observed in
Trial 2. In contrast, plants treated with isolate E726 were 13 % shorter than infested
control plants (Table 3-1). This was no difference in Trial 2 (Table 3-2).
Disease also caused significant reductions in weight. Plants in the infested
control treatment weighed on average 43 % less than plants in the uninfested control in
Trial 1, and 50% less in Trial 2 (Table 3-1 and 3-2). In both trials , the shoot weight of
plants treated with BA 77, BA 101 , and E726 was either not different or was
significantly less than infested control plants (Tables 3-1 and 3-2). In Trial 1 (Table 31), the disease rating of plants treated with BA 77, BA 101 , or E726 was either not
different of greater than that of plants in the infested control. There were no differences
in disease rating in Trial 2 (data not shown). Stand counts of the uninfested control
treatment were significantly greater than all other treatments in both trials. The stand
counts of bacterial treatments were not different than the infested control (Tables 3-1
and 3-2).

Effect of tomato cultivar
The main effect of cultivar was significant for height (Trial 1, P = 0.0002 ; Trial 2, P =
0.0525) , weight (Trial 1, P = 0.0001 ; Trial 2 P = 0.0281) , and plant stand (Trial 1 P
= 0.0008; Trial 2, P = 0.0001) . The shoot height of ' Mountain Pride' tomatoes was

consistently greater than ' Celebrity' and 'Mountain Spring' (Tables 3.3 and 3.4). There
was no significant difference in height between ' Celebrity' and ' Mountain Spring' .
Seedlings of ' Mountain Spring ' were significantly smaller in shoot weight in both trials
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Table 3-3 . Effect of tomato cultivar on plant growth, Rhizoctonia disease rating , and
plant stand, Trial 1. a
Tomato cultivar

Shoot height
(cm)

Shoot weight
(g)

Disease rating
(0-7l

Plant stand
%

Celebrity

8.1 be

0.31 ae

3.1

57 .6 be

Mountain Pride

9.3 a

0.33 a

2.8

73 .2 a

Mountain Spring

8.0 b

0.21 b

2.6

54 .4 b

LSD

0.64

0.04

9.81

• Means derived from combined values of all three tomato cultivars and both drench treatments .
b Disease rating was measured on a scale of 0 = no symptoms, 1 = lesion < 2.5 mm, 2 = lesion 2.5 to
5.0 mm , 3 = lesion > 5.0 mm , 4 = lesion girdling the stem, 5 =lesion girdling and constricting the
stem ( < 75 %), 6 = lesion girdling and constricting the stem ( > 75%) , and 7 = dead seedling.
c Within the column, means followed by the same letter were not significantly different according to a
Fisher' s-protected least significant different test at P = 0.05 .

Table 3-4 . Effect of tomato cultivar on plant growth and plant stand, Trial 2.
Tomato Cultivar

Shoot height
(cm)

Shoot weight
(g)

Plant stand
%

Celebrity

4 .9 bb

0.11 ab

39 .2 bb

Mountain Pride

5.4 a

0.12 a

68 .0 a

Mountain Spring

4 .9 b

0.09 b

38.0 b

LSD

0.50

0.02

8.46

a

• Means derived from combined values of all soil treatments and both drench treatments.
b Within the column, means followed by the same letter were not significantly different according
to a Fisher' s-protected least significant different test at P = 0.05 .
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(Tables 3-3 and 3-4). Plant stand of 'Mountain Pride' was significantly greater in both
trials than stand of ' Celebrity' or ' Mountain Spring' (Tables 3-3 and 3-4). Stand counts
of ' Mountain Pride' were 27% greater than those of ' Celebrity', and 35 % greater than
counts of ' Mountain Spring ' in Trial 1. In Trial 2, stand counts of ' Mountain Pride'
were 73 % greater than ' Celebrity' and 79 % greater than ' Mountain Spring'. There was
no difference between the stand counts of ' Celebrity' and ' Mountain Spring' in both
trial (Tables 3-3 and 3-4) .

Effect of drench treatment

The main effect of drench treatment was not significant for any of the measured
variables in Trial 1. In Trial 2 (Table 3-5), the effect of drench composition was
significant for shoot height (P

= 0.0104).

Plants receiving a TSB drench were

significantly larger than those receiving a water drench. However, stand counts of TSBtreated plants were 20% less than plants receiving the water drench (Table 3-5).

Effect of the interaction of tomato cultivar and soil treatment

A significant interaction was observed for cultivar x soil treatment for shoot height
(Trial 1, P = 0.0488) and plant stand (Trial 2, P = 0.0236). However, these effects
were not observed in both trials. There were no other significant interactions . For
' Mountain Spring' seedlings , treatment with BAlOl produced plants with greater shoot
height than the infested control (Cl+) (Table 3-6). Shoot height of seedlings of
' Celebrity' and ' Mountain Pride ' treated with BA 77, BA 101 , and E726 were not
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Table 3-5. Effect of drench treatment on plant growth and plant stand,
Trial 2.a
Drench

Shoot height
(cm)

Shoot weight
(g)

Plant stand
%

Tryptic Soy Broth

5.4 ab

0.12 ab

44.0 bb

Water

4 .7 b

0.09 b

52.8 a

LSD

0.35

0.01

6.65

• Means derived from combined values of all three tomato cultivars and all soil treatments.
b Within each column, means followed by the same letter were not significantly different
according to a Fisher' s-protected least significant different test at P = 0.05 .

Table 3-6. Effect of soil treatment on shoot height of three tomato cultivars,

Trial I.a

Treatment

Celebrity

Mountain Pride

Mountain Spring

BA77

7.6 bb

8.3 bb

7.7 bcb

BAlOl

7.8 b

8.6 b

8.9 b

E726

7.3 b

8.3 b

5.6 d

Cl+c

8.0 b

9.3 b

6.1 cd

C2-d

10.6 a

12.2 a

11.6 a

LSD

1.15

1.57

1.66

• Means derived from combined values of both drench treatments.
b Within each column, means followed by the same letter were not significantly different
according to a Fisher' s-protected least significant different test at P = 0.05 .
c Untreated control planted in soil mix infested with Rhizoctonia solani.
d Untreated control planted in uninfested soil mix.
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different than the infested control. For each cultivar, the shoot height of the uninfested
control plants was greater than all other treatments. According to the analysis of
variance, the interaction of tomato cultivar and soil treatment was not significant for
disease rating in Trial 1. An analysis of the effect of soil treatment by cultivar reveals
that there were differences within each cultivar (Table 3-7). Disease ratings were lowest
for the uninfested control of each cultivar. There were no other differences between all
other treatments for ' Celebrity' and 'Mountain Pride' (Table 3-7). However, the
disease rating of ' Mountain Spring' seedlings treated with BAlOl was significantly
lower than for seedlings in the infested control (Table 3-7). Disease ratings were not
recorded in Trial 2 because the plant stems were very small and difficult to evaluate.
Similar to the results with shoot height and disease rating , there were no
significant differences in stand count between soil treatment with BA77, BA 101 , E726
and the infested control for both 'Celebrity' and ' Mountain Pride' in both trials (Tables
3-8 and 3-9). However, in Trial 1, the stand count of ' Mountain Spring' seedlings
treated with BA101 was 70% greater than the infested control , and 87% of the
uninfested control. In Trial 2 (Table 3-9) , treatment with BA 77 resulted in stand counts
for ' Mountain Spring ' that were lower than those in the infested control.

DISCUSSION

In an earlier study, the three bacterial isolates tested in this experiment exhibited
biocontrol activity against R. solani on tomato. In addition, in some instances, they also
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Table 3-7. Effect of soil treatment on Rhizoctonia disease rating of three tomato
cultivars, Trial 1. a
Treatments

Celebrity

Mountain Pride

Mountain Spring

BA77

4.5 ab

3.7 ab

4.J ab

BAIO!

3.5 a

3.6 a

2.2 b

E726

3.5 a

3.2 a

3.4 a

Cl +c

3.8 a

2.6 a

3.4 a

C2-d

0.6 b

0.3 b

0.00

LSD

1.42

1.51

1.02

C

• Means derived from combined values of both drench treatments.
b Within each column, means followed by the same letter were not significantly different
according to a Fisher' s-protected least significant different test at P = 0.05.
c Untreated control planted in soil mix infested with Rhizoctonia solani.
d Untreated control planted in uninfested soil mix.
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Table 3-8. Effect of soil treatment on stand counts of three tomato cul ti vars , Trial 1.a
Treatment

Celebrity

Mountain Pride

Mountain Spring

BA77

42 .0 bb

52.0

32 .0 db

BAlOl

50.0 b

72.0

68 .0 ab

E726

62.0 b

76 .0

54.0 be

Cl+ c

46.0 b

80.0

40 .0 cd

C2-d

88 .0 a

86 .0

78.0 a

LSD

25 .14

16 .91

• Means derived from combined values of both drench treatments .
b Within each column, means followed by the same letter were not significantly different
according to a Fisher 's-protected least significant different test at P = 0.05 .
c Untreated control planted in soil mix infested with Rhizoctonia solani.
d Untreated control planted in uninfested soil mix .

Table 3-9. Effect of soil treatment on stand counts of three tomato cultivars , Trial 2. a
Treatments

Celebrity

Mountain Pride

Mountain Spring

BA77

22 .0 bb

62 .0 bb

14 .0 Cb

BAl0l

28.0 b

70.0 b

26 .0 be

E726

40.0 b

64 .0 b

24.0 be

Cl + c

24 .0 b

50 .0 b

36 .0 b

C2-d

82.0 a

94 .0 a

90 .0 a

LSD

21.45

23 .11

14 .06

• Means derived from combined values of both drench treatments .
b Within each column, means followed by the same letter were not significantly different
according to a Fisher's-protected least significant different test at P = 0 .05 .
c Untreated control planted in soil mix infested with Rhizoctonia solani.
d Untreated control planted in uninfested soil mix.
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promoted the growth of greenhouse grown 'Better Boy' tomato seedlings. In the
previous chapter of this thesis , there was little evidence to support these findings . In
this study there was some evidence to suggest a host specific response to the isolates,
but in most cases, the responses were more general and affected all three cultivars . And
in more cases than not, the influence was a negative one, which resulted in either
increased disease, or growth inhibition. This was the case in Trial 1 where treatment
with isolate £726 significantly reduced the weight of seedlings in all culti vars. A more
dramatic response occurred in Trial 2 where all three bacterial treatments reduced the
weight of surviving seedlings by an average of 30 %, when compared to the infested
control (Cl+) . Other researchers have reported similar growth reductions in plants
after PGPR treatment. In growth experiments with bedding plants, Bacillus subtilis
strain Al3 reduced the top growth of celosia, zinnia, cabbage, and alyssum, but
increased growth of delphinium, dahlia, and carnation, when compared to controls
(Broadbent et al. , 1977). Treatment with Bacillus subtilis strains, BSl and BS2, which
had previously shown biocontrol properties on agronomic crops , both significantly
reduced seedling growth of loblolly and slash pine (Enebak et al. , 1998). Though
isolates of B. subtilis are well known biocontrol agents (Brannen and Backman, 1993 ;
Bochow and Gantcheva, 1995), it is perhaps significant that isolate E726, which
reduced growth of all three tomato cultivars in Trial 2 of this experiment, is also a B.
subtilis isolate.

There were several positive interactions between isolate BAlOl and the cultivar
Mountain Spring in Trial 1. Percent stand counts of BAlOl-treated seedlings were 70 %
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greater than the infested control and were 87 % of the uninfested control. In addition,
BA101 treatment significantly reduced disease rating on the surviving 'Mountain
Spring' seedlings. This was not observed in Trial 2. A negative interaction was
observed between isolate BA77 and 'Mountain Spring'. Treatment with BA77 reduced
the stand counts of all three cultivars, but the reductions were only significant with
'Mountain Spring' . It is possible that, in some cases, BA77 functions as a deleterious
microorganism to seedlings and somehow aids in R. solani invasion.
In Trial 1, drench with the bacteria in tryptic soy broth (TSB) culture medium
had no effect on percent stand, disease rating, or plant growth, when compared to an
aqueous drench. In Trial 2, TSB drenched plants were significantly greater in height
and weight than plants drenched with water. However, stand counts of TSB drenched
plants were 20% less than in the water suspension, which may have reduced
competition for nutrients among plants and allowed for greater plant growth. It is
possible that the reduced stand count resulted from the accumulation of toxic
metabolites in the culture broth (Slininger et al. , 1996). However, there is no direct
evidence to support this supposition, and the same effect was not observed in Trial 1.
To substantiate the effects of TSB broth in this experiment would require further study
that was specifically designed to test the effects of culture medium.
Significant differences in the overall susceptibility of the cultivars to preemergence damping-off was not expected. However, stand counts of 'Mountain Pride '
were significantly greater than counts of the other cultivars in both tests. The
differences were substantial . On average, the stand counts of 'Mountain Pride' were
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46% greater than 'Celebrity', and 53% greater than 'Mountain Spring' . This suggests
that 'Mountain Pride' is less susceptible to R. solani induced pre-emergence dampingoff. Although this is not the first report of the reduced susceptibility of some plant
species to R. solani, it appears to be one of the few , and is perhaps the first report of
reduced susceptibility in a tomato cul ti var. Resistance to R. solani has been reported in
cauliflower and collard (Keinath, 1997), and in mustard (Yang et al., 1992). In
rapeseed, resistance to R. solani infection has been related to age and the associated
development of a cuticle layer between one and three weeks of age (Yang et al., 1992) .
Removal of the cuticle with chloroform treatment resulted in increased susceptibility in
both resistant and susceptible cultivars. Little else is known about the source of
resistance or characteristics of plants that are resistant to R. solani. Though the
cultivars Mountain Pride and Mountain Spring have some common heritage , their
development and release were ten years apart, and they share only one common relative
(Gardner, 1982; Gardner , 1992).
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CHAPTER4

Effect of Bacterial Seed Treatment and the Entomopathogenic Fungus,
Beauveria bassiana, on Control of Pre-emergence and Post Emergence
Diseases Caused by Rhizoctonia solani in Tomato

INTRODUCTION
In two previous experiments, with only a few exceptions, neither bacterial seed
treatments or bacterial soil drenches effectively reduced disease caused by R. solani, nor
did they promote the growth of tomato seedlings. Ownley and Smith (1998) also reported
inconsistent results in their work with the same isolates. Musson et al. (1995) tested five
different methods for introducing a number of different endophytic bacterial strains into
cotton. They determined that one method is not similarly effective for all bacterial strains,
and that a specific method should be chosen for specific strains. Yet, in many cases, there
was little significant difference between the delivery methods, and with some of the
strains, all five methods were effective delivery systems. In the experiments reported
previously in this thesis, it is possible that the delivery systems have not introduced
enough bacteria in the right location, to achieve biocontrol. However, it is likely that
other factors limited the success of the bacterial treatments.
In the seed extraction process, the surface pH of tomato seeds is lowered with
strong acids. The low surface-pH of the 'Better Boy' tomato seeds, may have made them
poor hosts to the biocontrol bacteria. Under these circumstances, the biocontrol bacteria
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may have been more effective if introduced in a moderate pH carrier. The biocontrol
bacterium Enterobacter cloacae protected tomato seeds from Pythium induced dampingoff when it was introduced in a moderate pH (6 .6) coal carrier, but was ineffective when
introduced in a low pH lignite carrier (Harman and Taylor, 1988). Alternatively, PGPR
may benefit by seed neutralization prior to bacterial treatment. Acid-delinted cotton seed
is capable of hosting the biocontrol bacteria, Bacillus subtilis GB03 . However,
spermosphere, radicle, and rhizosphere populations may be significantly increased after
neutralization in potassium phosphate buffer (Mahaffee and Backman, 1993). Although,
the low pH does not damage the bacteria, it does extend the lag phase of bacterial growth
and delays spore germination until environmental conditions are more suitable for
bacterial growth. In other cases, low pH may be of little significance. Bauske et al. (1997)
found no evidence to suggest that the low pH of acid delinted cotton seed reduced seed
colonization by any of 12 strains of PGPR. Therefore, it is not clear whether the effect of
seed surface-pH depends on the particular PGPR being tested, the species of seed being
tested, or a combination of the two. In addition, it is not certain that reduced colonization
and/or delayed spore germination by PGPR necessarily results in reduced biocontrol
activity.

Beauveria bassiana is a ubiquitous plant and soil fungus with entomopathogenic
properties. The fungus occurs worldwide and has an extensive insect host range,
including, Lepidoptera, Coleoptera, Hemiptera, Diptera, and Hymenoptera (Tanada and
Kaya, 1993). Beauveria bassiana is a well known plant epiphyte (Bills and Polishook,
1990), and has recently been shown to endophytically colonize potato. It can maintain
viability in potato plant tissues for extended periods of time (Jones, 1994). Beauveria

82
bassiana produces several potent antibiotics, which are responsible for some of the
entomopathogenic properties. These include beauvericin, oosporein, and cyclosporin.
Antibiotic production can be influenced by the culture medium used for B. bassiana
growth (Tanada and Kaya, 1993). In different environmental conditions, B. bassiana
produces several different types of spores, which may differ in their stability and
virulence (Hegedus et al., 1992). Considerable variation in virulence and pathogenicity
may also occur between strains of B. bassiana, therefore strains have been selected for
their entomopathogenic properties (Tanada and Kaya, 1993).
There has been very little research published on the potential of B. bassiana as a
biocontrol agent of plant pathogens, and these have been primarily in vitro studies.

Beauveria bassiana has been shown to inhibit the in vitro mycelial growth of Fusarium
oxysporum, Armillaria me/lea, and Rosellinia necatrix (Reisenzein and Tiefenbrunner,
1997). Culture filtrates of B. bassiana inhibited mycelial growth of F. oxysporum and

Botrytis cinerea (Bark et al. , 1996). Growth inhibition of F. oxysporum was greatest
when B. bassiana was grown on tryptic soy agar, but greater inhibition of B. cinerea
occurred when it was grown on potato dextrose agar. In the same study, B. bassiana was
shown to delay the start, and reduce the percentage of conidial germination by both B.

cinerea and F. oxysporum . In greenhouse studies, B. bassiana treatment reduced
infection of onion bulbs by F. oxysporum f sp. cepae (Flori and Roberti, 1993). BothB.

bassiana and B. brongniartii induced lysis of Pythium ultimum, P. debaryanum and
Septoria nodorum cells and inhibited their overall growth (Vesely and Koubova, 1994).
However, these authors found that growth of some phytopathogenic fungi, including R.

solani, were not affected by Beauveria spp. in vitro.
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There were three objectives in this study. The first objective was to determine if
seed neutralization would increase the effectiveness of bacterial isolates in inhibiting R.

solani diseases on tomato. The second objective was to test the abilities of B. bassiana as
a seed treatment in protecting tomato from R. solani. The last objective was to retest the
tomato cultivar Mountain Pride for reduced susceptibility to R solani infection.

MATERIALS AND METHODS
Seed preparation
Prior to neutralization, 'Mountain Spring' and 'Mountain Pride ' tomato seeds were
surface-sterilized in 30% H20 2for 30 min. Seed were neutralized by mixing
approximately 0 .15 g of seed and 5 g of sodium carbonate in 50 ml of water with stirring
for 10 min (Bauske et al. , 1997). After treatment with sodium carbonate the seeds were
placed under a laminar flow hood to air dry.

Preparation of bacterial isolates- Experiment I and Experiment II
In Experiment I, bacterial isolates, BA77, BA101 , E21 , E65, and E69 were tested as seed
treatments. In Experiment II, only isolates BA101 and E69 were tested. Fresh cultures of
each of the isolates were prepared on tryptic soy agar plates. After 24 hr, the plates were
flooded with 5 ml of sterile deionized water and the bacterial cells were scraped loose
with a sterile loop. The bacterial suspension was used to inoculate 300 ml of tryptic soy
broth in 500-ml Erlenmeyer flasks . The isolates were incubated at room temperature (25
to 30° C) with shaking (150 rpm) for 4 days. The cultures were centrifuged for 20 min at
3,500 RPM in 85-ml centrifuge tubes. The supernatant was discarded and 2 ml of 5%
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methyl cellulose solution (Sigma Chemical Co., St. Louis, MO) and 2 ml of sterile
deionized water were added to the bacterial pellet in each tube and vortexed. The
bacterial/methyl cellulose solutions of two tubes were combined with 70 seeds of
'Mountain Spring' or 'Mountain Pride ' tomato and vortexed. In Experiment I, both
'Mountain Spring' and ' Mountain Pride' seeds were used. In Experiment II, only seeds of
the more susceptible cultivar, Mountain Spring, were used. After removing any surplus
bacterial suspension, the treated seeds were placed in sterile petri dishes and air-dried
overnight under a laminar flow hood .

Beauveria bassiana seed treatment
An aqueous suspension of Beauveria bassiana spores in an aqueous suspension (0.021 g

of spores/ml) were received from Dr. Roberto Pereira, Department of Entomology and
Plant Pathology, The University of Tennessee, Knoxville. Spore viability was
approximately 95 to 98%. For the seed treatments, 70 seeds of 'Mountain Pride'
(Experiment I) or 'Mountain Spring' (Experiments I and II) were mixed with 2 ml of the
spore suspension and 2 ml of a 5% methyl cellulose solution, and vortexed. The surplus
suspension was removed, and the treated seeds were placed in sterile petri dishes, and
then air-dried under a laminar flow hood.

Production of Rhizoctonia solani inoculum

Plugs of R. solani mycelium were taken from 2-wk-old potato dextrose agar (PDA)
cultures and transferred to fresh PDA plates. After 3 days growth on PDA, agar plugs of
mycelium were removed and added to five 500-ml Erlenmeyer flasks containing twice-
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autoclaved rice grain medium (100 g long grain white rice in 72 ml deionized water). The
fungus was cultured in the rice medium at room temperature for 10 days.

Infestation of soil with R solani
The rice inoculum was removed from the flasks, spread evenly on three brass sieves,
covered with cheesecloth, and allowed to air-dry at room temperature for 24 h. The dry
rice grain inoculum was ground in a blender, then sieved with an electric sieve shaker
(Shaker No. 18480, CSC Scientific, Fairfax, VA). Rice inoculum from the 0.5 to 1-mm
fraction was collected for infestation of the planting mix.

Soil inoculation, Experiment I
Approximately 2 L (320 g) of ProMix-BX (Premier Horticulture Inc. , Red Hill, PA) was
placed in each of 16 small plastic bags. Six bags were set aside for the infested controls.
Inoculum of Rhizoctonia (4.8 g) was added to each of the remaining ten bags and
thoroughly shaken to make a 1.5% (w/w) inoculum/soil mix. The bags of infested soil
were thoroughly mixed together, 5 bags at a time, in a large plastic tray with 2 L of tap
water. The infested soil mix was placed into the cells of sixteen 12-cell plastic trays
(GT24SR, Hummert International, Earth City, MO), and two 12-cell trays were filled
with uninfested soil. The trays were planted with either 'Mountain Pride ', or 'Mountain
Spring' seeds with 5 seeds per cell for a total of 60 seeds per tray and 1,080 total seeds.
The experiment was designed as a 9 x 2 factorial in a split plot with nine seed treatments
and two tomato cultivars, Mountain Pride and Mountain Spring. The seed treatments
were BA77, BAIOl , E21 , E65, E69, B. bassiana (BAV), methyl cellulose infested
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control (ClMC+), untreated infested control (C2+), and untreated uninfested control (C3). In the second trial a tenth seed treatment was added, seeds were treated with methyl
cellulose and planted in soil that was not infested with R. solani. Seed treatment was the
main plot and cultivar was the subplot. There were 12 replicates of each treatment and 5
plants per replicate. The trays were placed on a greenhouse bench and watered once per
day. The experiment was repeated once.

Soil inoculation, Experiment II
A 1.5% inoculum/soil mixture was prepared as in Experiment I, however, seeds were
planted into three 200-cell styrofoam float trays instead of plastic trays. The experiment
was designed as a randomized complete block with six seed treatments, 72 replicates of
each treatment, and 1 plant per replicate. The seed treatments were three bacterial
isolates, BA101 , E65 , E69; B. bassiana (BAY); an infested control (C+), and an
uninfested control (C-). After planting, the trays were placed on a greenhouse bench and
watered once per day.

Disease assessment
For Experiment I, plant stand and shoot weight were determined 21 days after planting.
For Experiment II, stand counts were recorded 35 days after planting, then plants were
washed free of soil and evaluated for disease caused by R. solani. Disease severity was
rated by the following scale 0 = healthy seedling, 1 =lesion < 2.5 mm, 2 = lesion 2.5 to
5.0 mm, 3 =lesion > 5.0 mm , 4 = lesion girdling the stem, 5 = lesion girdling and
constricting the stem (<75%), 6 = lesion girdling and constricting the stem(> 75%), and
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7 = dead seedling. Shoot and root weights were determined also . Data were analyzed with
the General Linear Models procedure of SAS systems software (SAS Institute, Cary,
NC) . Significant effects were further analyzed by a means separation test (Fisher' sprotected least significant difference test) at P

= 0.05.

RESULTS
Experiment I

Effect of seed treatment on plant stand The effect of seed treatment was significant for
plant stand in both trials (P = 0.0001). In Trial 1, with the exception of seedlings treated
with B. bassiana (BA V), R solani infection caused significant pre-emergence dampingoff in all infested treatments (Table 4-1). Overall, R. solani infection reduced stand by 33
to 56% when compared to the untreated, uninfested control (C3-). When compared to the
mean of the two infested controls, methyl cellulose (ClMC+) and untreated (C2+), four
treatments significantly reduced damping-off of tomato seedlings. Treatments with

Bacillus isolates E21 , BA77, and E69, increased plant stands by 39%, 44%, and 49%,
respectively, while treatment with BAV increased plant stand by 109%. In Trial 2,
disease was more severe (Table 4-2). When compared to the uninfested controls (C3MCand C4-), R solani reduced plant stand, across all infested treatments, by 24 to 74%.
Only treatment with BAV significantly reduced pre-emergence damping-off Plant stand
was increased by 71 to 100% more than the infested control treatments (ClMC+ and
C2+).
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Table 4-1 . Effect of seed treatment on shoot weight and
plant stand of tomatoes in soil infested with Rhizoctonia
solani , Experiment I, Trial 1.a
Treatment

Shoot weight
(g)

Plant stand

BA77

0 .037 edb

51.7 beb

BA101

0.035 ede

43 .3 cde

E21

0.034 de

50.0 be

E65

0.039 e

45 .8 bed

E69

0.032 e

53.3 b

BAV

0.050 b

75 .0 a

ClMC+ c

0.037 ede

35.0 e

0 .034 de

36 .7 de

C3-0

0 .191 a

80.0 a

LSD

0.0049

9.48

(%)

• Means are derived from the combined values of both tomato cultivars .
b Within each column, means followed by the same letter were not
significantly different according to a Fisher's-protected least
significant different test at P = 0.05 .
c Seeds treated with methyl cellulose, soil mix infested with R. solani .
d Untreated seeds , soil infested with R. solani .
e Untreated seeds , soil not infested with R. solani.
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Table 4-2. Effect of seed treatment on shoot weight and
plant stand of tomato in soil infested with Rhizoctonia
solani, Exeeriment I, Trial 2.a
Plant stand
Shoot weight
Treatment
{%}
{g}
BA77

0.021 bb

23.3 eb

BAI0I

0.022 b

46 .7 C

E21

0.023 b

37.5 cd

E65

0.024 b

39.2 cd

E69

0.027 b

41.7 cd

BAV

0.024 b

68 .3 b

CIMC+c

0.023 b

40.0 cd

C2+d

0.024 b

34.2 de

C3MC-c

0.136 a

90 .0 a

C4J

0.133 a

89.2 a

LSD

0.0745

12.02

• Means are derived from the combined values of both tomato cul ti vars.
b Within each column, means followed by the same letter were not
significantly different according to a Fisher' s-protected least
significant different test at P = 0.05.
c Seeds treated with methyl cellulose, soil mix infested with R. solani.
d Untreated seeds, soil infested with R. so Jani .
·
• Seeds treated with methyl cellulose, soil not infested with R. so Jani .
r Untreated seeds, soil not infested with R. solani.
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Effect of seed treatment on shoot weight The effect of seed treatment was significant for
shoot weight in Trial 1 (P = 0.0001) and Trial 2 (P = 0.0114). Infection by R. solani
significantly reduced the shoot weight of all treatments in both trials. In Trial 1, R. solani
infection reduced shoot weight by 74 to 83% (Table 4-1). Only plants from seed treated
with BAV had significantly greater shoot weight than the infested controls (ClMC+ and
C2+). Plants receiving the BAV treatment were 41 % greater in weight than the average
of the infested controls, but weighed 74% less than the uninfested control (C3-). In Trial
2, there were no differences in shoot weight between infested treatments (Table 4-2). All
infested treatments had lower shoot weights than the uninfested controls.

Effect of cultivar on plant stand and shoot weight. The effect of cultivar was significant
for plant stand in both trials (P = . 0.0001) and for shoot weight in Trial 1 (P = 0.0001).
Overall, stands of 'Mountain Pride' were significantly greater than stands of 'Mountain
Spring' by 49% in Trial 1 (Table 4.3), and 33% in Trial 2 (Table 4.4). In trial 1,
'Mountain Pride ' seedlings had 14% greater fresh shoot weight than 'Mountain Spring'
seedlings (Table 4-3).

Effect of the interaction of seed treatment x cultivar. For the variable plant stand, there
was a significant interaction between seed treatment and cultivar in Trial 1 (P = 0.0363)
and 2 (P = 0.0349) (Tables 4-5 and 4-6). There was little difference between stand counts
of 'Mountain Pride' and 'Mountain Spring' in the untreated uninfested control (C-) of
either trial. There was also a distinct difference between the effects which BAV treatment
had on the two tomato cultivars (Tables 4-5 and 4-6). When compared to the untreated
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Table 4-3 . Effect of tomato planted in soil infested with
Rhizoctonia solani on shoot weight and plant stand,
Experiment I, Trial 1. a
Tomato cultivar

Fresh shoot weight

Plant stand

(g)

(%)

0.051 b

42 .0 b

Mountain Pride
Mountain Spring

0.0045
6.00
LSD
• Means are derived from combined values of all seed treatmrnts .
b Within column, means followed by the same letter were not
significantly different according to a Fisher's-protected least
significant different test at P = 0 .05 .

Table 4-4. Effect of tomato planted in soil infested with
Rhizoctonia solani on shoot weight and plant stand,
Experiment I, Trial 2 .a
Tomato cultivar

Fresh shoot weight

(g)

Mountain Pride

0.064

Mountain Spring

0.048

LSD

NSC

Plant stand

(%)

43 .7 b

6.00
• Means are derived from combined values of all seed treatmrnts.
b Within column, means followed by the same letter were not
significantly different according to a Fisher's-protected least
significant different test at P = 0.05 .
c Not significant.
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Table 4-5 . Effect of the interaction of seed treatment and cultivar
on percent plant stand of tomato in soil infested with Rhizoctonia
solani, Experiment I, Trial 1.
Seed treatment

Mountain Pride

Mountain Spring

BA77

63.3 bed•

40.0 b•

BAIO!

53.3 ed

33 .3 be

E21

65 .0 abed

35 .0 b

E65

53 .3 ed

38 .3 b

E69

71.7 abe

35 .0 b

BAY

73.3 ab

76 .7 a

ClMCb

53.3 ed

16.7 e

c2+ c

46 .7 d

26.7 be

C3-d

83.3 a

76 .7 a

LSD

18.5

17 .7

• Within each column, means followed by the same letter were not
significantly different according to a Fisher's-protected least significant
different test at P = 0 .05 .
b ClMC+ seed treated with methyl cellulose and planted in soil infested with
R. solani.
c C2+ = untreated seed, soil infested with R. solani .
d C3- = untreated seed, soil not infested with R. solani.
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Table 4-6. Effect of the interaction of seed treatment and
tomato cultivar on percent plant stand of tomato in soil
infested with Rhizoctonia solani , Experiment I, Trial 2.
Seed treatment

Mountain Pride

Mountain Spring

BA77

25 .0 e"

21.7 c•

BA101

58 .3 cd

35.0

C

E21

45 .0 d

30.0

C

E65

56. 7 cd

21.7

C

E69

46 .7 d

36.7

C

BAY

75.0 be

61.7 b

ClMC +b

46 .7 d

33.3

C

c 2+c

50.0 d

18.3

C

C3MC-d

83 .3 ab

96 .7 a

C4-

96 .7 a

81.7 a

19 .10

19.08

0

LSD

• Within each column, means followed by the same letter were not
significantly different according to a Fisher's-protected least
significant different test at P = 0 .05 .
b ClMC+ seed treated with methyl cellulose, soil infested with R. solani .
c C2+ = untreated seed, soil infested with R. solani .
d C3MC = seeds treated with methyl cellulose, soil not infested with R. solani .
° C4- = untreated seed, soil not infested with R. solani .
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infested control (C2+), BAV treatment increased plant stands of 'Mountain Pride' in
Trials 1 and 2, by 57 and 50% respectively. On the other hand, BAV treatment increased
comparable plant stands in 'Mountain Spring' by 187% in Trial 1, and 236% in Trial 2.
Experiment II
Effect of seed treatment on disease severity caused by R solani. In Experiment I, plants

were grown for 21 days before the effects of disease on plant stand and growth were
assessed. In Experiment II, plants were grown for an extended period (35 days) to
determine if surviving plants recovered from earlier disease symptoms and resumed
healthy growth. The effect of seed treatment was significant for plant stand and disease
rating in both trials (P = 0.0001). In Trial 1, only 29% of the infested control plants
survived, and R. solani infection reduced plant stands across all other infested treatments
by 21 to 66% (Table 4-7). Damping-off of seedlings was even greater in Trial 2 where,
only 17% of plants in the infested control survived, and disease reduced plant stands
across all other infested treatments by 8 to 75% (Table 4-8). When compared to the
infested control, BAV treatment significantly increased plant stand counts in Trial 1 by
129%, and in Trial 2 by 350%. In Trial 2, stands of BAY-treated plants in infested soil
were 92% of the uninfested control (Control-). BAV treatment did not, however, reduce
canker rating in surviving plants. Disease ratings of the BAY-treated plants in infested
soil were not significantly different from the infested control in both trials (Tables 4-7
and 4-8). The bacterial treatment E69 significantly reduced canker rating in Trial 1 (Table
4-7), but not in Trial 2 (Table 4-8). In addition E69-treated seeds yielded exceptionally
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Table 4-7. Effect of seed treatment on growth, disease rating , and plant stand of tomato
in soil infested with Rhizactonia solani, Experiment II, Trial 1.
Treatment

Root weight
(g)

Shoot weight (g)

Disease rating
(0-7)3

Plant stand
%

BA101 + b

0 . 148 be

1.09 bee

2.8 ac

41.7 cc

E69+b

0 .143 b

1.24 b

1.9 b

29 .2 d

BAV+b

0 . 135 b

1.05 be

2.8 a

66.7 b

Control+bd

0.155 b

1.04 C

3.0 a

29.2 d

BAV-c

0 .312 a

1.73 a

0.0 C

91.7 a

Control-de

0 .312 a

1.88 a

0.0 C

84.7 a

LSD

0 .0411

0 . 194

0.62

10.86

• Disease rating was measured on a scale of 0 = no symptoms , 1 = lesion < 2.5 mm, 2 = lesion 2.5 to
5.0 mm , 3 = lesion > 5.0 mm, 4 = lesion girdling the stem, 5 =lesion girdling and constricting the
stem(< 75 %) , 6 = lesion girdling and constricting the stem(> 75%), and 7 = dead seedling
b ' +' = soil infested with R. solani .
c Within each column, means followed by the same letter were not significantly different according
to a Fisher' s-protected least significant different test at P = 0.05 .
d Control = untreated seed .
• ' -' = soil not infested with R. so Lani .
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Table 4-8. Effect of seed treatment on growth, disease rating , and plant stand of tomato
in soil infested with Rhizactonia solani , Experiment II, Trial 2.
Treatment

Root weight
(g)

Shoot weight
(g)

Disease rating
(0-7)"

Plant stand %

BAl0l +b

0.616 cc

3.14

3.2 ac

29.2 cc

E69+b

0.630

C

3.48

2.5 b

20.8 cd

BAV+ b

0.681

C

2.76

2. 7 ab

75.0 b

Control+bd

0 .733 be

3.17

2.4 b

16.7 d

BAY-•

0 .863 ab

3.15

0 .0

C

88 .9 a

Control-de

0 .962 a

3.43

0 .0

C

81.9 ab

LSD
0 .1525
NS
0.55
10. 15
• Disease rating was measured on a scale of 0 == no symptoms , 1 == lesion < 2.5 mm, 2 == lesion 2.5 to
5.0 mm, 3 == lesion > 5.0 mm, 4 == lesion girdling the stem , 5 ==lesion girdling and constricting the
stem ( < 75 %), 6 == lesion girdling and constricting the stem ( > 75%), and 7 == dead seedling
b '+' == soil infested with R. solani.
c Within each column, means followed by the same letter were not significantly different according
to a Fisher's-protected least significant different test at P == 0.05 .
d Control == untreated seed.
c ' - ' == soil not infested with R. solani.
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low plant stands in both Trials (Tables 4-7 and 4-8). The disease rating of plants treated
with BAIO 1 was not different from (Table 4-7) or greater than (Table 4-8) the infested
control. Plant stand with BA 101 was greater than the infested control in both trials but
not as high as with BAV-treated plants. In uninfested soil, BAV-treated plants resulted in
very high stand counts and 'O' canker ratings as did the uninfested control.

Effect of seed treatment on growth of tomato in soil infested with R. solani. When
compared to the uninfested control, R. solani infection clearly reduced root weights in
both trials (Tables 4-7 and 4-8). Shoot weights of surviving plants were significantly
reduced by disease in Trial 1 (Table 4-7), but were not affected in Trial 2 (Table 4-8).
The root weight of seed treatments BA 101 , E69, and BAV was not different than the
infested control in both trials (Tables 4-7 and 4-8). Shoot weight ofE69-treated plants
was greater than the infested control in Trial 1 (Table 4-7).

DISCUSSION
In previous experiments (Bishop, 1999) it was found that 'Better Boy' tomato seed had a
very low surface-pH. It was assumed that 'Mountain Spring' and 'Mountain Pride ' seeds
would have a similar surface-pH. Neutralization of the 'Mountain Spring' and 'Mountain
Pride' seed used in this experiment was not necessary and perhaps harmful. The seed had
apparently already been neutralized, as later tests indicated that the seed surface pH was
near 6.0. Sodium carbonate treatment raised the pH of the seed surface to 8.0 or greater,
which was not likely to affect the bacterial treatments, but had unknown effects on the
BAV treatments. The performance of the biocontrol bacteria, Enterobacter cloacae was
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compared with several strains of the biocontrol fungus, Trichoderma under varying pH
conditions (Harman and Taylor, 1988). Enterobacter cloacae did not reduce Pythium
induced damping-off of low pH tomato seeds that were not neutralized, but was effective
when introduced in a moderate pH carrier. On the other hand, the Trichoderma strains
were effective in protecting un-neutralized tomato seed, and their effectiveness was
enhanced by introduction in a low pH carrier. In addition, the effectiveness of the
Trichoderma strains in protecting cucumber seed (pH 5 .3) from damping-off was
enhanced by the addition of 0.5 Nor 1 N HCL to the methyl cellulose seed treatment.
The authors suggested that Trichoderma has a competitive advantage under low pH
conditions. In this experiment, it is possible that the artificially high seed pH, which
resulted from seed neutralization, may have decreased the effectiveness of B. bassiana. It
is likely that the increased pH provided no benefit to the bacterial treatments. Mahaffee
and Backman ( 1993) found that spermosphere colonization of cotton seed by the
biocontrol bacterium, Bacillus subtilis GB03 , was increased following neutralization,
however, the effects were only evident when the initial seed surface pH of the cotton seed
was less than 3.5. Further, the coal carrier used by Harman and Taylor (1988) to
introduce E. cloacae was pH 6.6, not much different than the surface pH (6.0) of the
'Mountain Pride' and 'Mountain Spring' seed before sodium carbonate treatment.
It is not known why the BAV treatment, which was very effective in reducing
pre-emergence damping-off of tomato seedlings, failed to protect plants from stem
infection and cankering at the soil line. Data was not taken on disease rating in the first
experiment, however, the smaller size of the BAV treated plants suggest that they had not
escaped disease. In Experiment II, when plant stems were rated for disease severity,
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cankers were present on the BAV treated plants. Lewis and Papavizas (1985) found that
treatments with one of several species of Trichoderma or with Gliocladium virens greatly
increased plant stands of cotton, sugar beet, or radish in soil infested with R. so/ani.
When the soil was treated with mycelial preparations of the antagonists, they found a
very high correlation between reduced damping-off and reductions in pathogen inoculum
density in the soil. However, earlier work with some of the same antagonists suggested
that moderate reductions in R. solani inoculum density may not significantly reduce
disease incidence or disease severity of surviving plants (Beagle-Ristaino and Papavizas,
1985). Reductions in tuberbome sclerotia on potato of 85% or greater was required to
reduce the incidence or severity of later stem cankering. It is possible that the B. bassiana
treatment, failed to sufficiently reduce R. solani inoculum levels for later protection. It is
also possible that the B. bassiana failed to persist in the rhizosphere and/or was unable to
establish itself endophytically. Although the stems were not evaluated for colonization,
there is some evidence that this strain of B. bassiana may endophytically colonize tomato
stems (Roberto Periera, pers. comm.). Jones (1994) was able to show that B. bassiana can
colonize potato stems, however it is not known if B. bassiana can endophytically
colonize other plant species. On the other hand, R. so/ani is an excellent saprophyte and it
may be less susceptible to fungicidal action after colonizing a substrate (Papavizas et al. ,
1962). In this experiment, if the BAV treatment failed to establish a strong and persistent
population of B. bassiana, it is probable that the R solani persisted.
The disease pressure was exceptionally high in this study. The percent plant stand
of the untreated infested control ranged from a low of 17% in the first trial of Experiment
II, to a high of 37% in the first trial of Experiment I. In experiment II, when the number
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of surviving plants with stem cankers was factored in, the disease incidence of the control
plants was 97%. This level of disease pressure may not only be unnatural, but may be
higher than can be effectively used to test potential biocontrol agents. Research with the
proven BCAs, Pseudomonas putida WCS358 and P. fl.uorescens WCS374, suggest that
even when these bioprotectants are inundatively applied, protection breaks down under
exceptional disease pressure, and results in high disease incidence in control plants
(Raaijmakers et al. , 1995).
Limited biocontrol may occur in treated plants when disease incidence is high in
control plants (Leeman et al. , 1995). When three plant-growth-promoting fungal isolates
(PGPF) were tested for their ability to suppress take-all of wheat caused by

Gaeumam omyces graminis var. tritici (Ggt), and common root rot of spring wheat
caused by Cochliobolus sativus (Cs), the PGPF reduced both the percentage of roots
infected by the pathogens, and the severity of disease (Shivanna et al. , 1996). Disease
suppression continued at high pathogen inoculum densities (pathogens were isolated from
88-95% of roots in the disease control plants). It is thought that these PGPF work by outcompeting Ggt and Cs for host infection sites. In this case, introducing progressively
higher amounts of the biocontrol fungi resulted in increasingly better disease suppression.
However, not all BCAs work through competition for infection sites, and in most cases, it
appears that biocontrol organisms exhibit their greatest effectiveness under lower disease
pressure. In several studies BCAs were most effective when disease incidence in control
plants was approximately 50% (Conway et al. , 1997; Keinath, 1995; Raaijmakers et al. ,
1995). In this study, more effective biocontrol may have occurred at lower inoculum
densities of R. solani. In previous tests, disease incidence was high when ground rice
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inoculum was introduced into the potting mix at 2% w/w. Therefore, in this test the
inoculum level was reduced to 1.5% w/w. A further reduction in inoculum level may be
of benefit to future tests with B. bassiana and the Bacillus isolates. It is possible, as
suggested earlier, that when B. bassiana is introduced as a seed treatment, its proximity
to the seed gives it an early competitive advantage. However, it may eventually be
displaced by the highly competitive R. solani. This would explain the early protection
from damping-off, which was followed by a loss of protection at later stages of plant
growth. If this is the case, then protection might be increased by a second introduction of
B. bassiana. It is also possible that introducing larger quantities of B. bassiana spores in

the initial seed treatments would enhance protection. Protection of wheat from infection
by Ggt and Cs was significantly increased as the rate of PGPF amendment was increased
(Shivanna et al. , 1996).
In published reports with B. bassiana as a BCA of plant pathogens, it has been
suggested that the mechanism ofbiocontrol is antibiosis, and not competition for
infection sites. In vitro studies have shown that B. bassiana may inhibit the mycelial
growth, or inhibit or delay spore germination of several plant pathogens (Bark et al.,
1996; Reisenzein and Tiefenbrunner, 1997). It has been shown that B. bassiana is capable
of inducing lysis of several plant pathogenic fungi, including Py thium ultimum and P.
debaryanum . However, R solani was found to be somewhat resistant (Vesely and

Koubova, 1994). This is not surprising given the diversity of both B. bassiana strains and
R. solani strains, each of which may grow differentially under a variety of environmental

conditions. In addition, the fact that B. bassiana inhibited the mycelial growth of Botrytis
cinerea best when grown on PDA, but inhibited the growth of F. oxysporum best when
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grown on ISA, suggests that several antibiotics may be involved and may be
differentially produced under different cultural conditions (Bark et al. , 1996). It is
possible that enhanced control of R. solani could be achieved with BAV treatment if
conditions were more favorable to B. bassiana growth, or if conditions favored
production of specific antibiotics that are inhibitory to R solani.
Although the BAV-treated plants in Experiment II were clearly smaller in size
than the uninfested control, they did show indications of recovery from the disease.
Microscopic examination ofBAV-treated plants revealed that many were cankered.
However, few exhibited stem girdling, and a number of plants were developing
adventitious roots, both around and within the cankers. In addition, the differences
between the size ofuninfested control plants and those treated with BAY was
diminishing over time. This was obvious from a visual examination of the plants, and
from a comparison of the weights taken in Experiment I. In Experiment I, after 21 days of
growth, the BAV-treated plants were only 22% as heavy as the untreated, uninfested
control plants. However, in Experiment II, after 3 5 days of growth, the BAV-treated
plants were 66% as heavy as the untreated, uninfested control. In Experiment I, the plants
were not treated with fertilizer. However, in Experiment II, a fertilization program was
imposed that helped to reduce the differences in shoot weight.
The differences in stand counts between 'Mountain Spring' and 'Mountain Pride '
confirm the results of previous work (see Chap. 3) that suggests that 'Mountain Pride '
has reduced susceptibility to damping-off caused by R. solani.

103

LITERATURE CITED

104
Agrios, G. 1988. Plant Pathology. Academic Press, San Diego.
Bark, Y. G., Lee, D. G., Kim, Y. H ., Kang, S. C. 1996. Antibiotic properties of an
entomopathogenic fungus, Beauveria bassiana, on Fusarium oxysporum and Botrytis

cinerea (abstr.). Korean J. Plant Path. 12: 245-250.
Bateman, D . F. 1961. The effect of soil moisture upon development of poinsettia root
rots. Phytopathology 51 : 445-451 .
Bauske, E . M ., Backman, P . A. , Harper, K. M ., Brannen, P . M ., Rodriguez-Kahana, R. ,
and Kloepper, J. W. 1997. Effect of botanical aromatic compounds and seed-surface
pH on growth and colonization of cotton plant growth-promoting rhizobacteria.
Biocontrol Sci. Technol. 7: 415-421.
Beagle-Ristaino, J. E ., and Papavizas, G. C. 1985. Biological control of Rhizoctonia stem
canker and black scurf of potato. Phytopathology 75 : 560-564.
Benhamou, N ., Kloepper, J. W., and Tuzun, S. 1998. Induction ofresistance against

Fusarium wilt of tomato by combination of chitosan with an endophytic bacterial
strain: ultrastructure and cytochemistry of the host response. Planta 204 : 153-168.
Benson, D. M ., and Baker, R. 1974. Epidemiology of Rhizoctonia solani pre-emergence
damping-off of radish : inoculum potential and disease potential interactions.
Phytopathology 64 : 957-962.
Bills, G. F., and Polishook, J. D. 1990. Microfungi from Carpinus caroliniana. Can. J.
Bot. 69: 1477-1482.
Blair, I. D. 1943. Behavior of the fungus Rhizoctonia solani Kuhn in the soil. Ann. Appl.
Biol. 30: 118-127.

105

Blakesley, D. , Weston, G. D. , and Hall, J. F. 1991. The role of endogenous auxin in root
initiation. Plant Growth Regulation 10: 341-353 .
Bochow, H. and Gantcheva, K. 1995 . Soil introductions of Bacillus sub ti/is as biocontrol
agent and its population and activity dynamic. Acta Horticulturae 3 82: 164-172.
Brannen, P. M . and Backman, P. A 1993 . Cotton colonization by Bacillus subtilis
inoculants to augment seedling disease control and promote season-long root health.
Pages 194-196 in: Proceedings of the Beltwide Cotton Production Research
Conferences. National Cotton Council, Memphis, TN.
Brannen, P. M . 1995. Potential modes of action for suppression of root diseases and yield
enhancement when using Bacillus subtilis seed inoculants on cotton. Pages 205-208
in : Proceedings of the Beltwide Cotton Production Research Conferences. National
Cotton Council, Memphis, TN.
Bric, J.M., Bostock, R. M ., and Silverstone, S. E . 1991. Rapid in situ assay for
indoleacetic acid production by bacteria immobilized on a nitrocellulose membrane.
Appl. Environ. Microbiol. 57: 535-538 .
Broadbent, P ., Baker, K. F., Franks, N ., and Holland, J. 1977. Effect of Bacillus spp. on
increased growth of seedlings in steamed and in nontreated soil. Phytopathology. 67 :
1027-1034.
Brown, E. A , and McCarter, S M. 1976. Effect of a seeding disease caused by
Rhizoctonia solani on subsequent growth and yield of cotton. Phytopathology 66 : 111-

11 5.

106
Chamnongpol, S., Willekens, H. , Moeder, W., Langebartels, C., Sandermann, H ., Van
Montagu, M., lnze, D ., and Van Camp, W. 1998. Defense activation and enhanced
pathogen tolerance induced by H 2 0 2 in transgenic tobacco . Proc. Natl. Acad. Sci. USA
95: 5818-5823 .
Chen, Z ., Silva, H ., and Klessig, D .F. 1993 . Involvement ofreactive oxygen species in
the induction of systemic acquired resistance by salicylic acid in plants. Science 242 :
883-886.
Chin-A-Woeng, T. F. C., de Priester, W., van der Bij, A. J. , and Lugtenberg, B. J. J.
1997. Description of the colonization of a gnotobiotic tomato rhizosphere by

Pseudomonas fluorescens biocontrol strain WCS365 , using scanning electron
microscopy. Mol. Plant-Microbe Interact. 10: 79-86.
Conway, K. E ., Maness, N . E ., and Motes, J.E. 1997. Integration of biological and
chemical controls for Rhizoctonia aerial blight and root rot of rosemary. Plant Dis. 81 :
795-798 .
Coulman, B . E ., and Lambert, M . 1995. Selection for resistance to root rot caused by

Fusarium spp. in red clover (Trifolium pratense L.). Can. J. Plant Sci. 75 : 141-146.
Creelman, R. A. , Tierney, M . L. , and Mullet, J. E . 1992. Jasmonic acid/methyl jasmonate
accumulate in wounded soybean hypocotyls and modulate wound gene expression.
Proc. Natl. Acad. Sci. USA 89 : 4938-4941.
Creelman, R. A. , and Mullet, J.E. 1997. Oligosaccharins, brassinolides, and jasmonates:
nontraditional regulators of plant growth, development, and gene expression. Plant
Cell 9: 1211 - 1223 .

107
Cross, J. V., and Polonenko, D. R. 1996. An industry perspective on registration and
commercialization ofbiocontrol agents in Canada. Can. J. Plant Path. 18 : 446-454.
Crozier, A , Anuda, P., Jasmim, J. M., Monteiro, A M., and Sandberg, G. 1988. Analysis
of indole-3-acetic acid and related indoles in culture medium from Azospirillum

lipoferum and Azospirillum brasilense. Appl. Envion Microbiol. 54: 2833-2837.
Dandurand, L. M ., and Knudsen, G. R. 1993 . Influence of Pseudomonasfl.uorescens on
hyphal growth and biocontrol activity of Trichoderma harzianum in the spermosphere
and rhizosphere of pea. Phytopathology 83 : 265-270.
De Meyer, G., and Hofte, M . 1997. Salicylic acid produced by the rhizobacterium

Pseudomonas aeruginosa 7NSK2 induces resistance to leaf infection by Botry tis
cinerea on bean. Phytopathology 87 : 588-593 .
Doomik, AW. 1981. Temperature dependence of the pathogenicity of several isolates of

Rhizoctonia solani in some bulb crops as an intrinsic property of the isolate. Neth. J.
Pl. Path. 87: 139-147.
Dubeikovsky, AN., Mordukhova, E. A , Kochetkov, V. V., Polikarpova, F. Y. , and
Boronin, AM. 1993 . Growth promotion ofblackcurrant softwood cuttings by
recombinant strain Pseudomonas fl.uorescens BSP53a synthesizing an increased
amount of indole-3-acetic acid. Soil Biol. Biochem. 25 : 1277-1281.
Duffy, B . K. , and Weller, D. M. 1995. Use ofGaeumannomyces graminis var. graminis
alone and in combination with fluorescent Pseudomonas spp. to suppress take-all of
wheat. Plant Dis. 79: 907-911.

108

Elad, Y. , Gullino, L. G., Shtienberg, D., and Aloi, C. 1995 . Managing Botrytis cinerea on
tomatoes in greenhouses in the Mediterranean. Crop Prot. 14: 105-109.
Enebak, S. A. , Wei, G., and Kloepper, J. W. 1998. Effects of plant growth-promoting
rhizobacteria on loblolly and slash pine seedlings. For. Sci. 44: 139-144.
Expert, J. M., and Digat, B. 1995. Biocontrol of Sclerotinia wilt of sunflower by
Pseudomonas fluorescens and Pseudomonas putida strains. Can. J. Microbiol. 41 :
685-691.
Flori, P. and Roberti, R. 1993 . Treatment of onion bulbs with antagonistic fungi for the
control of Fusarium oxysporum f. sp. cepae (abstr.). Difesa delle Piante 16: 5-12.
Fravel, D.R. , Marois, J. J. , Lumsden, R. D., and Connick, W. J. , Jr. 1985. Encapsulation
of potential biocontrol agents in an alginate-clay matrix. Phytopathology 7 5: 77 4-777.
Fravel, D. R. 1988. Role of antibiosis in the biocontrol of plant diseases. Annu . Rev.
Phytopathol. 26: 75-91.
Friedrich, L. , Lawton, K. , Dincher, S., Winter, A. , Staub, T. , Uknes, S., Kessmann, H.,
and Ryals, J. 1996. Benzothiadiazole induces systemic acquired resistance in tobacco .
Plant J. 10: 61-70.
Gamliel, A. , and Katan, J. 1993 . Suppression of major and minor pathogens by
fluorescent pseudomonads in solarized and nonsolarized soils. Phytopathology 83 : 6875 .
Gardner, R. G. 1982. NC50-7 breeding line, 'Cherokee,' and ' Mountain Pride'. HortSci.
17 : 92-93 .

109
Gardner, R . G. 1992. 'Mountain Spring ' tomato; NC 8276 and NC 84173 tomato
breeding lines. HortSci . 27 : 1233-1234.
Glickmann, E ., and Dessaux, Y. 1995 . A critical examination of the specificity of the
salkowski reagent for indolic compounds produced by phytopathogenic bacteria. Appl.
Environ. Microbial. 61: 793-796.
Gerlach, J. , Volrath, S., Knauf-Beiter, G ., Hengy, G. Beckhove, U., Kogel, K. H .,
Oostendorp, M ., Staub, T. , Ward, E ., Kessmann, H ., and Ryals, J. 1996.
Benzothiadiazole, a novel class of inducers of systemic acquired resistance, activates
gene expression and disease resistance in wheat. Plant Cell 8: 629-643 .
Gundlach, H. , Muller, M . J. , Kutchan, T. M ., and Zenk, M . H. 1992. Jasmonic acid is a
signal transducer in elicitor-induced plant cell cultures. Proc. Natl. Acad. Sci. USA 89 :
2389-2393 .
Halverson, L. J. , Clayton, M . K. , and Handelsman, J. 1993 . Population biology of

Bacillus cereus UW85 in the rhizosphere of field-grown soybeans. Soil Biol.
Biochem. 25 : 485-493 .
Handelsman, J. , Rafefel, S. , Mester, E. H. , Wunderlich, L. , and Grau, C. R. 1990.
Biological control of damping-off of alfalfa seedlings with Bacillus cereus UW85 .
Appl. Environ. Microbial. 56 : 713-718 .
Handelsman, J. , and Stabb, E. V. 1996. Biocontrol of soilbome plant pathogens. Plant
Cell 8: 1855-1869.

110

Harman, G. E. , and Taylor, A G. 1988. Improved seedling performance by integration of
biological control agents at favorable pH levels with solid matrix priming.
Phytopathology 78 : 520-525 .
Harman, G. E., Latorre, B. , Agosin, E. , San Martin, R. , Riegel, D. G,. Nielsen, P . A ,
Tronsmo, A , and Pearson, R. C. 1996. Biological and integrated control of Botrytis
bunch rot of grape using Trichoderma spp. Biological Control 7: 259-266.
Heath, M. C. 1995 . Thoughts on the role and evolution of induced resistance in natural
ecosystems, and its relationship to other types of plant defenses against disease. Pages
141-151 in: Induced Resistance to Disease in Plants. Hammerschmidt, R. and Kuc, J. ,
eds. Kluwer Acad. Pub., Dordrecht, The Netherlands.
Hegedus, D . H ., Bidochka, M. J. , Miranpuri, G. S., and Khachatourians, G. G. 1992. A
comparison of the virulence, stability and cell-wall-surface characteristics of three
spore types produced by the entomopathogenic fungus Beauveria bassiana. Appl.
Microbiol. Biotechnol. 36: 785-789.
Hoffiand, E ., Pieterse, C. M. J., Bik, L. , and van Pelt, J. A 1995 . Induced systemic
resistance in radish is not associated with accumulation of pathogenesis related
proteins. Physiol. Mol. Plant Pathol. 46 : 309-320.
Holl, F. B ., Chanway, C. P., Turkington, R., and Radley, R. A 1988. Response of crested
wheatgrass (Agropyron cristatum L. ), perennial ryegrass (Lolium perenne ), and white
clover (Trifolium repens L.) to inoculation with Bacillus polymyxa. Soil. Biol.
Biochem. 20: 19-24.

111

Hokeberg, M ., Gerhardson, B ., and Johnsson, L. 1997. Biological control of cereal seedborne diseases by seed bacterization with greenhouse-selected bacteria. Eur. J. Plant.
Pathol. 103 : 25-33.
Jager, G., Velvis, H., Lamers, J. G., Mulder, A. , and Roosjen, J. S. 1991. Biological,
chemical, and integrated control of Rhizoctonia solani in potato. Pages 187-193 in:
Biotic Interactions and Soil-Borne Diseases. Beemster, A. B. R., Bollen, G. J. ,
Gerlagh, M ., Ruissen, M . A. , Schippers, B ., and Tempel, A. , eds. Elsevier Science
Pub. , Amsterdam.
Johnson, K. B . 1994. Dose-response relationships and inundative biological control.
Phytopathology. 84 : 780-784.
Jones, K. D. 1994. Aspects of the biology and biological control of the European com
borer in North Carolina. Ph.D. Dissertation. North Carolina State University, Raleigh.
Keinath, A. P . 1995 . Relationships between inoculum density of Rhizoctonia solani,
wirestem incidence and severity, and growth of cabbage. Phytopathology 85 : 14871492.
Kienath, A. P . 1997. Differential cultivars and criteria for evaluating resistance to

Rhizoctonia solani in seedling Brassica oleracea. Plant Dis. 81 : 946-952.
King, E . B., and Parke, J. L. 1996. Population density of the biocontrol agent

Burkholderia cepacia AMMDRl on four pea cultivars. Soil Biol. Biochem. 28: 307312 .
Kim, D . S., Weller, D . M ., and Cook, R. J. 1997. Population dynamics of Bacillus sp.
L324-92R 12 and Pseudomonasjluorescens 2-79RN 1o in the rhizosphere of wheat.
Phytopathology 87 :559-564.

112

Kloepper, J. W . 1991. Development of in vivo assays for prescreening antagonists of

Rhizoctonia solani on cotton. Phytopathology 81 : 1006-1013 .
Kloepper, J. W . 1996. Host specificity in microbe-microbe interactions. BioScience 46:
406-409 .
Kloepper, J. W. , and Schroth, M . N. 1981. Relationship of in vitro anitbiosis of plant
growth promoting rhizobacteria to plant growth and the displacement of root
microflora. Phytopathology 71 : 1020-1024.
Knudsen, G . R. 1990. Alginate pellet formulation of aBeauveria bassiana (fungi :
Hyphomycetes) isolate pathogenic to cereal aphids. J. Econ. Entomol. 83 : 2225-2228 .
Knudsen, I. M . B., Hockenhull, J. , Jensen, D . F., Gerhardson, B. , Hokeberg, M .,
Tahvonen, R. , Teperi, E ., Sundheim, L., and Henriksen, B. 1997. Selection of
biological control agents for controlling soil and seed-borne diseases in the field . Eur.

J. Plant Pathol. 103 : 77 5-784.
Kogel, K. H ., Ortel, B ., Jarosch, B. , Atzom, R ., Schiffer, R. , and Wastemack, C. 1995.
Resistance in barley against the powdery mildew fungus (Erysiphe graminis f sp.

hordei) is not associated with enhanced levels of endogenous jasmonates. Eur. J. Plant
Pathol. 103 : 319-3 32.
Kovats, K. , Binder, A , and Hohl, H. R. 1991 Cytology of induced systemic resistance of
cucumber to Colletotrichum lagenarium. Planta 183 : 484-490.
Kovats, K. , Binder, A. , and Hohl, H. R. 1991 Cytology of induced systemic resistance of
tomato to Phytophthora infestans. Planta 183 : 491-496.
Leach, L. D . 1947. Growth rates of host and pathogen as factors determining the severity
ofpreemergence damping-off J. Agric. Res. 75 : 161-179.

113

Leeman, M ., van Pelt, J. A. , den Ouden, F. M ., Heinsbroek, M. , Bakker, P. A. H. M ., and
Schippers, B. 1995 . Induction of systemic resistance by Pseudomonas fl.uorescens in
radish cultivars differing in susceptibility to Fusarium wilt, using a novel bioassay.
Eur. J. Plant. Pathol. 101 : 655-664.
Leifert, C., Li, H. , Chidburee, S., Hampson, S., Workman, S., Sigee, D ., Epton, H. A. S.,
and Harbour, A. 1995 . Antibiotic production. and biocontrol activity by Bacillus

subtilis CL27 and Bacillus pumilus CL45. J. App . Bacteriol. 78 : 97-108.
Leo n, J. , Lawton, M . A. , and Raskin, I. 1995 . Hydrogen peroxide stimulates salicylic
acid biosynthesis in tobacco. Plant Physic. 108 : 1673-78.
Leong, J. 1986. Siderophores· • -~,r biochemistry and possible role in the biocontrol of
plant pathogens. Annu. Rev. Phytopathol. 24: 187-209.
Lewis, J. A. , and Papavizas, G. C. 1985. Effect of mycelial preparations of Trichoderma
and Gliocladium on populations of Rhizoctonia solani and the incidence of damping
off Phytopathology 7 5: 812-817.
Liu, L. , Kloepper, J. W., and Tuzun, S. 1995a. Induction of systemic resistance in
cucumber against bacterial angular leaf spot by plant growth-promoting rhizobacteria.
Phytopathology 85 : 843-847.
Liu, L. , Kloepper, J. W., and Tuzun, S. 1995b. Induction of systemic resistance in
cucumber by plant growth-promoting rhizobacteria: duration of protection and effect
of host resistance on protection and root colonization. Phytopathology 85 : 1064-1068.
Loper, J.E., and Schroth, M . N . 1986. Influence of bacterial sources of indole-3-acetic
acid on root elongation of sugar beet. Phytopathology 76 : 386-389.

114

Mahaffee, W. F. and Backman, P. A. 1993 . Effects of seed factors on spermosphere and
rhizosphere colonization of cotton by Bacillus subtilis GB03 . Phytopathology. 83:
1120-1125 .
Mathre, D. E. , Johnston, R.H. , Callan, N . W, Mohan, S. K. , Martin, J.M. , and Miller J.
B . 1995 . Combined biological and chemical seed treatments for control of two
seedling diseases of Sh2 sweet corn. Plant Dis. 79 : 1145-1148.
Maurhofer, M ., Hase, C. , Meuwly, P ., Metraux, J.-P., and Defago, G. 1994. Induction of
systemic resistance of tobacco to tobacco necrosis virus by the root-colonizing

Pseudomonasfluorescens strain CHAO : influence of the gacA gene and of pyoverdine
production. Phytopathology 84 : 139-146.
Maurhofer, M ., Keel, C. , Haas, D., and Defago, G. 1995. Influence of plant species on
disease suppression by Pseudomonas fluorescens strain CHAO with enhanced
antibiotic production. Plant Pathol. 44 : 40-50.
McCarter, S. M . 1991. Rhizoctonia diseases. Pages 2 1-22 in: Compendium of Tomato
Diseases. Jones, J. B. , Jones, J. P., Stall, R . E ., Zitter, T. A. , eds. APS Press, St. Paul.
Milner, J. L. , RafTel, S. J. , Lethbridge, B. J., and Handelsman, J. 1995. Culture conditions
that influence accumulation of zwittermicin A by Bacillus cereus UW85 . Appl.
Microbiol. Biotechnol. 43 : 685-691.
Montesinos, E. , and Bonaterra, A. 1996. Dose-response models in biological control of
plant pathogens: an empirical verification. Phytopathology 86 : 464-472 .
Moore, R. , Clark, W . D ., Kingsley, R. S., and Vodopich, D. 1995. Botany. Wm. C.
Brown Pub., Dubuque.

115
Musson, G., Mcinroy, J. A , and Kloepper, J. W. 1995 . Development of delivery systems
for introducing endophytic bacteria into cotton. Biocontrol Sci. Technol. 5: 407-416.
Nautiyal, C. S. 1997. Selection of chickpea-rhizosphere-competent Pseudomonas

fluorescens NBRI1303 antagonistic to Fusarium oxysporum f. sp. ciceri, Rhizoctonia
bataticola and Pythium sp. Curr. Microbiol. 35 : 52-58 .
Neal, J. L. , Ruby, I. L. , and Atkinson, T. G. 1973 . Changes in rhizosphere populations of
selected physiological groups of bacteria related to substitution of specific pairs of
chromosomes in spring wheat. Plant Soil. 39: 209-212.
Neuenschwander, U., Vemooij, B. , Friedrich, L. , Uknes, S., Kessmann, H. , and Ryals, J. ,
1995 . Is hydrogen peroxide a second messenger of salicylic acid in systemic acquired
resistance. Plant J. 8: 227-233 .
Neuenschwander, U. , Lawton, K. , and Ryals, J. 1996. Systemic acquired resistance.
Pages 81-106 in: Plant-Microbe Interactions, Vol. 1. Stacey, G., and Keen, N . eds.,
Chapman and Hall, NY.
Osburn, RM., Milner, J. L. , Oplinger, E . S., Smith, R. S., and Handelsman, J. 1995.
Effect of Bacillus cereus UW85 on the yield of soybean at two field sites in
Wisconsin . Plant Dis. 79: 551-556.
Ownley, B. H ., Weller, D. M ., and Thomashow, L. S. 1992. Influence of in situ and in

vitro pH on suppression of Gaeumannomyces graminis var. tritici by Pseudomonas
fluorescens 2-79. Phytopathology 82 : 178-184.
Ownley, B. H. , and Smith, P . N. 1998. Using nature's way to control a common disease.
Tenn. Agri-Sci. 168 :21-25 .

116

Papavizas, G. C., Davey, C. B. , and Woodard, R. S. 1962. Comparative effectiveness of
some organic amendments and fungicides in reducing activity and survival of

Rhizoctonia solani in soil. Can. J. Microbiol. 8: 915-922.
Papavizas, G. C., and Lewis, J. A 1985 . Methods for isolating and identifying

Rhizoctonia solani and for producing inoculum. In: Methods for Evaluating Pesticides
for Control of Plant Pathogens. K. D . Hickey, ed. American Phytopathological
Society, St. Paul, MN.
Patten, C. L. , and Glick, B. R. 1996. Bacterial biosynthesis of indole-3-acetic acid. Can.

J. Microbiol. 42 : 207-220.
Periera, R . M ., and Roberts, D . W. 1991. Alginate and cornstarch mycelial formulations
of entomopathogenic fungi , Beauveria bassiana and Metarhizium anisopliae . J. Econ.
Entomol. 84 : 1657-1661.
Pieterse, C. M . J., van Wees, S. C. M ., Hoffiand, E ., van Pelt, J. A , and van Loon, L. C.
1996. Systemic resistance in Arabidopsis induced by biocontrol bacteria is
independent of salicylic acid accumulation and pathogenesis-related gene expression.
Plant Cell 8: 1225-1237.
Pieterse, C. M . J. , Wees, S. C. M ., van Pelt, J. A , Knoester, M ., Lann, R ., Gerrits, H .,
Weisbeek, P . J., and van Loon, L. C. 1998. A novel signaling pathway controlling
induced systemic resistance in Arabidopsis. Plant Cell 10: 1571-1580.
Pleban, S., Ingel, F., and Chet, I. 1995. Control of Rhizoctonia solani and Sclerotium

roljsii in the greenhouse using endophytic Bacillus spp. Eur. J. Plant. Pathol. 101: 665672 .

117

Quadt-Hallmann, A , and Kloepper, J. W . 1996. Immunological detection and
localization of the cotton endophyte Enterobacter asburiae JM22 in different plant
species. Can. J. Microbiol. 42 : 1144-1154.
Quadt-Hallmann, A , Hallmann, J. , and Kloepper, J. W . 1997. Bacterial endophytes in
cotton: location and interaction with other plant-associated bacteria. Can. J. Microbiol.
43 : 254-259.
Raaijmakers, J. M ., Leeman, M. , van Oorschot, M. M. P ., van der Sluis, I., Schippers, B .,
and Bakker, P . AH. M . 1995. Dose-response relationships in biological control of
Fusarium wilt of radish by Pseudomonas spp. Phytopathology 85 : 1075-1081 .
Reisenzein, H., and Tiefenbrunner, W. 1997. Growth inhibiting effect of different isolates
of the entomopathogenic fungus Beauveria bassiana (Bals.) Yuill. to the plant
parasitic fungi of the genera Fusarium, Armillaria and Rosellinia (abstr.).
Pflanzenschutzberichte 57: 15-24.
Renwick, A , Campbell, R., and Coe, S. 1991. Assessment of in vivo screening systems
for potential biocontrol agents of Gaeumannomyces graminis. Plant Pathol. 40 : 52453 2.
Richards, B. L. 1923 . Soil temperature as a factor affecting the pathogenicity of Corticum

bagum on the pea and the bean. J. Agric. Res. 25 : 431-449.
Ryals, J. A , Neuenschwander, U. H . Willits, M. G., Molina, A , Steiner, H . Y., and Hunt,
M . D . 1996. Systemic acquired resistance. Plant Cell 8: 1809-1819.
Schippers, B. , Scheffer, R. J., Lugtenberg, B. J. J. , and Weisbeek, P . J. 1995. Biocoating
of seeds with plant growth-promoting rhizobacteria to improve plant establishment.
Outlook on Agriculture 24 : 179-185.

118

Selvadurai, E . L. , Brown, A. E. , and Hamilton, J. T. G. 1991. Production of indole-3acetic acid analogues by strains of Bacillus cereus in relation to their influence on
seedling development. Soil Biol. Biochem. 23 : 401-403 .
Shah-Smith, D . A. , and Bums, R . G. 1997. Shelf-life of a biocontrol Pseudomonas putida
applied to sugar beet seeds using commercial coatings. Biocontrol. Sci. Technol. 7 :
65-74.
Shivanna, M . B. , Meera, M . S., and Hyakumachi, M . 1996. Role of root colonization
ability of plant growth promoting fungi in the suppression of take-all and common root
rot of wheat. Crop Prot. 15 : 497-504.
Shulaev, V. , Leon, J. , and Raskin, I. 1995. Is salicylic acid a translocated signal of
systemic acquired resistance in tobacco? Plant Cell 7: 1691-1701.
Slininger, P. J. , Van Cauwenberge, J.E. , Bothast, R. J., Weller, D . M ., Thomashow, L.
S., and Cook, R. J. 1996. Effect of growth culture physiological state, metabolites, and
formulation on the viability, phytotoxicity, and efficacy of the take-all biocontrol agent

Pseudomonas fluorescens 2-79 stored encapsulated on wheat seeds. Appl. Microbiol.
Biotechnol. 45 : 391-398 .
Smith, P . 1997. Biocontrol of Rhizoctonia solani on tomato. The University of
Tennessee, Knoxville. M.S. Thesis. 67pp.
Sticher, L., Mauch-Mani, B. , and Metraux, J. P . 1997. Systemic acquired resistance.
Annu. Rev. Phytopathol. 35 : 235-270.
Tanada, Y. , and Kaya, H. K. 1993 . Insect Pathology. Academic Press, San Diego.
Taylor, A. G ., and Harman, G . E . 1990. Concepts and technologies of selected seed
treatments. Annu. Rev. Phytopathol. 28: 321-339.

119
Tuzun, S. , Juarez, J. , Nesmith, W. C. , and Kuc, J. 1992. Induction of systemic resistance
in tobacco against metalaxyl-tolerant strains of Peronospora tabacina and the natural
occurrence of the phenomenon in Mexico. Phytopathology 82 : 425-429.
Utkhede, R. S. 1996. Potential and problems of developing bacterial biocontrol agents.
Can. J. Plant Path. 18 : 455-462.
van Bruggen, A.H. C. , Whalen, C.H. , and Arneson, P. A 1986. Emergence, growth, and
development of dry bean seedlings in response to temperature, soil moisture, and

Rhizoctonia solani. Phytopathology 76: 568-572.
Van Loon, L. C. 1997. Induced resistance in plants and the role of pathogenesis-related
proteins. Eur. J. Plant Pathol. 103 : 753-765.
Vemooij, B., Friedrich, L. , Morse, A , Reist, R. , Kolditz-Jawhar, R. , Ward, E ., Uknes, S.,
Kessmann, H. , and Ryals, J. 1994. Salicylic acid is not the translocated signal
responsible for inducing systemic acquired resistance but is required in signal
transduction. Plant Cell 6: 959-965 .
Vesely, D ., and Koubova, D . 1994. In vitro effect of entomopathogenic fungi Beauveria

bassiana (Bals.-Criv.) Yuill . and Beauveria brongniartii (Sacc.) Petch on
phytopathogenic fungi ( abstr. ). Ochrana Rostlin 3 0: 113-120.
Wei, G., Kloepper, J. W., and Tuzun, S. 1991. Induction of systemic resistance of
cucumber to Colletotrichum orbiculare by select strains of plant growth-promoting
rhizobacteria. Phytopathology 81 : 1508-1512.
Wei, G., Kloepper, J. W ., and Tuzun, S. 1995. Induced systemic resistance to cucumber
diseases and increased plant growth by plant growth-promoting rhizobacteria under
field conditions. Phytopathology 86 : 221.

120
Weller, D . M . 1988. Biological control of soilbome plant pathogens in the rhizosphere
with bacteria. Ann. Rev. Phytopathol. 26 : 379-407.
Wu, G ., Shortt, B . J. , Lawrence, E. B ., Levine, E . B ., Fitzsimmons, K. C. , and Shah, D .
M . 1995 . Disease resistance conferred by expression of a gene encoding H 2 O 2 generating glucose oxidase in transgenic potato plants. Plant Cell 7 : 1357-1368.
Yalpani, N ., Silverman, P ., Wilson, T. M . A. , Kleier, D . A. , and Raskin, I. 1991. Salicylic
acid is a systemic signal and an inducer of pathogenesis-related proteins in virusinfected tobacco . Plant Cell 3: 809-818.
Yalpani, N ., Enyedi, A. J. , Le6 n, J. , and Raskin, I. 1994. Ultraviolet light and ozone
stimulate accumulation of salicylic acid, pathogenesis-related proteins and virus
resistance in tobacco . Planta 193 : 372-376.
Yang, J. , Verma, P . R ., and Lees, G. L. 1992. The role of cuticle and epidermal cell wall
in resistance of rapeseed and mustard to Rhizoctonia solani . Plant Soil 142: 315-321 .
Ye, X. S., Jarlfors, U. , Tuzun, S., Pan, S. Q. , and Kuc, J. 1991. Biochemical changes in
cell walls and cellular responses of tobacco leaves related to systemic resistance to
blue mold (Peronospora tabacina) induced by tobacco mosaic virus. Can. J. Bot. 70:

49-57.
Zablotowicz, R. M ., Press, C. M ., Lyng, N ., Brown, G . L. , and Kloepper, J. W . 1992.
Compatibility of plant growth promoting rhizobacterial strains with agrichemicals
applied to seed. Can. J. Microbiol. 38 : 45-50.

121

APPENDIX

122

Effect of Form of Inoculum of Rhizoctonia solani on
Disease Severity of Tomato

INTRODUCTION

In Chapter 2, the Rhizoctonia inoculum was introduced by spreading infested rice
grains in a trench in the middle of planting trays. In some cases , disease incidence and
severity was inconsistent. More consistent results may be possible by using other
methods of infesting soil with R. solani . A number of methods for producing R. solani
inoculum have been proposed (Papavizas and Lewis , 1985). However, only a few tests
have compared their disease causing potential to host plants . For example , Keinath
(1997) compared the effectiveness of introducing R. solani grown on cornmeal-sand
medium into soil with introducing R. solani sclerotia grown on green beans into soil.
Though disease symptoms in cole crops appeared more rapidly when the R. solani was
introduced in cornmeal sand medium, they were otherwise equally effective in inciting
the disease. Therefore, they chose to introduce the inoculum as sclerotia because it was
easier to infest soil by this method.
In the present test, R. solani inoculum was prepared as ground rice grains as
described previously (Chapters 2, 3, and 4) or was prepared on cornmeal-sand medium
(Keinath, 1997) . The objective of this study was to compare several methods of
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introducing the rice and corn-meal inoculums of R. solani for their effectiveness in
causing disease of tomato .

MATERIALS AND METHODS
Tomato plants, cultivar Better Boy, were grown in 242-cell styrofoam trays filled with
ProMix-BX potting mix (Premier Horticulture Inc., Red Hill, PA).
Rice grain inoculum of Rhizoctonia solani was grown for t10 days in four 500ml Erlenmeyer flasks (see chapter 2). Three flasks of inoculum were dried, ground ,
and sieved as described previously . After shaking, the 0 . 5 to 1-mm and the 1 to 2-mm
fractions were collected. The ground rice grain inoculum was then added as 0.5 to Imm or 1 to 2-mm at 1 % or 2 % w/w to BX potting mix .
Cornmeal-sand inoculum was prepared with cornmeal and clean quartz sand
(Keinath, 1997). Approximately 200 cm3 of sand was mixed with cornmeal at 3 % w/w
in 500-ml Erlenmeyer flasks . The flasks were autoclaved for three consecutive days for
1 h . Rhizoctonia solani was grown on potato dextrose agar (PDA). The petri dishes
were flooded with 6 ml of sterile water and the mycelium was scraped loosed with a
sterile loop. The fungal suspension was inoculated onto the cornmeal-sand medium and
incubated for two weeks at room temperature (25- 30° C). The inoculum was then
added to BX potting mix. The cornmeal-sand inoculum was added to BX mix at either

4% or 8% w/w.
Sixteen cells in each of six 24-cell planting trays (GT24SR, Hummert
International , Earth City , MO) , were filled with one of the six infested soils, and three
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20-cell trays were filled with uninfested BX soil. For two treatments, 1 or 2 intact rice
grains from prepared rice grain inoculum was added to cells of the untreated BX mix.
The experiment was designed as a randomized complete block with nine treatments and
16 replications. The treatments were 1 % 0.5 to 1 mm rice innoculm, 2% 0.5 to 1-mm
rice inoculum, 1 % 1 to 2-mm rice inoculum, 2 % 1 to 2-mm rice inoculum, 4 %
conrmeal inoculum, 8 % cornmeal inoculum, 1 infested rice grain, 2 infested rice
grains , and an untreated control.
Ten-day-old seedlings were transplanted from the 242-cell trays into the 20-cell
trays . One ten-day-old seedling was placed in each cell. The plants were placed in a
growth chamber at 22.5°C and watered daily. After two wk, the plants were removed
from the cells and the roots were washed . Disease incidence and disease severity were
determined . The data were analyzed for significance by the General Linear Models
procedure using SAS systems software (SAS Institute , Cary, NC) . Significant effects
were further analyzed with a means separation test (Fisher 's protected least significant
difference test). The experiment was conducted once .

RESULTS

Disease incidence was measured as the percentage of plants exhibiting disease
symptoms. Disease severity was measured as in the previous experiments on a scale of
0 to 7 with O = no symptoms , 1
3

= lesion >

5.0 mm long, 4

= lesion <

2.5 mm, 2

= lesion girdling the stem,

constricting the stem ( < 75 %), 6

= lesion 2.5
5

to 5.0 mm long,

= lesion girdling and

= lesion girdling and constricting the stem ( >

75 %),

and 7

= dead seedling . There were significant differences between the treatments (P
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=0.0001) for disease incidence and disease severity (Table 5-1) . Disease incidence and
severity were greatest when the inoculum was introduced as 0 .5 to 1-mm rice grains at
2 % w/w . A low level of disease was noted in the uninfested control.

Table 5-1. Effect of form of inoculum of Rhizoctonia solani on disease incidence and
severity of tomato .
Inoculum form

Disease incidence
(%)

Disease rating
(0-7)3

1 % 0.5 to 1mm

62 .5 abb

2.4 bb

2% 0.5 to 1mm

87 .5 a

3.9 a

1 % 1 to 2mm

62 .5 ab

2.0 be

2% 1 to 2mm

18.8 cd

0.7 cd

4 % com meal

25.0 cd

0.8 cd

8% corn meal

50.0 be

2.3 b

1 rice grain

68.8 ab

2.4 b

2 rice grain

68.8 ab

2.7 ab

Uninfested control

12.5 d

0 .3 d

1.384
• Disease rating was measured on a scale of 0 = no symptoms, 1 = lesion < 2.5mm, 2 = lesion 2.5
LSD

b

31.87

to 5 .0 mm , 3= lesion> 5.0 mm, 4 = lesion girdling the stem, 5 =lesion girdling and constricting
the stem ( < 75 %), 6 = lesion girdling and constricting the stem ( > 75 %), and 7 = dead seedling.
Within each column, means followed by the same letter were not significantly different according to
a Fisher' s-protected least significant different test at P =0 .05 .
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DISCUSSION

Although various methods have been used to introduce R. solani into soil , very little
research has been conducted that compared the efficacy of the different methods to
incite disease in plants. In this study , the O.5 to 1-mm rice grains were large enough to
function as propagules and yet small enough to be thoroughly mixed into potting soil . It
is not known why the cornmeal inoculum failed to produce more disease . It is possible
that the inoculum would have benefited from a longer incubation period before
introduction to soil. Disease incidence and severity in the 8 % cornmeal treatment were
greater than in the 4 % treatment, this suggests that a higher percentage inoculum may
have increased disease to that of the 2 % 0 .5 to 1mm rice grain inoculum. This should
be explored further because the cornmeal-sand inoculum is easy to prepare . It can be
mixed directly into soil without the drying period and subsequent grinding required
with the rice grain inoculum.
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